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In this thesis the processes responsible for the 
formation of negative ions by the interaction of low energy 
electrons (0 to 15ev) with molecules in the gas phase have 
been investigated. 	Particular attention has been paid to 
the processes known as associative resonance capture and 
dissociative resonance capture. 	For a molecule AS, 
associative resonance capture is described by the equation 
AB + e —)-AB, where the metastable molecular negative ion 
AB is formed by the capture of slow electrons. 
Dissociative resonance capture, described by the equation 
A8 —4A + 5, results in the formation of a stable negative 
ion and can occur throughout the energy range studied. 
A historical review of the theoretical approach to 
eleotroa-sttachment is followed by detailed accounts of 
the most recent theoretical treatments of associative and 
dissociative resonance capture. 	The time-of-flight mass 
spectrometer used for this study has been described in some 
detail as have the experimental procedures developed. 	The 
various devices used to overcome the problems created by the 
broad electron energy distribution, which is due to the use 
of thermionically emitted electron beams, have been critically 
reviewed and the analytical deconvolution procedure adopted 
in this study has been described in detail. 
Autodetachment lifetimes and capture cross-sections 
for the associative attachment of electrons by several 
groups of organic and inorganic molecules have been measured 
vi 
and comparisons made with the predictions of the statistical 
theory for associative electron capture. 	Attempts to 
calculate electron affinities from this theory 3 using the 
lifetimes and cross-sections measured, met with some 
success for simple molecules and enabled conclusions to be 
made concerning the adequacy and limitations of the 
theoretical treatment. 
From studies of the electron energy dependence of 
negative ion formation for several groups of inorganic 
and organic molecules, various ionisation processes have 
been identified. Deconvolution of the ionisation curves 
has enabled accurate appearance potential data to be 
determined and, in many cases, allowed bond dissociation 
energies, electron affinities and heats of formation of 




Although studies of positive and negative ion formation 
in the gas phase were canted out by J.J. Thomson1 as early 
as 1913 until recently the processes involved in negative ion 
formation have attracted only a small traction of the 
attention received by positive ionisation processes. 	This 
has been due largely to the experimental difficulties 
associated with the detection of negative ions, which are 
formed with a characteristically low probability often some 
orders of magnitude less than for positive ion formation, 
e.g. with methane ca 4+/Cs_lol4. 	Also since such ions are 
often formed in the energy range below 2eV the influence of 
contact potentials, apace charge effects and stray electric 
and magnetic fields necessarily affect the ionisation efficiency 
curves, linearity of the electron energy scale and difficulties 
may be encountered in the unequivocal interpretation of 
negative ion data. 
lonisation and dissociative electron capture studies of 
various molecules may yield basic data regarding electron 
affinities, bond dissociation energies., electron capture cross-
sections, heats of formation of ions and autodetachment life-
times of temporary molecular negative ion states which are 
of value in leading to a clearer understanding of ions and 
molecules. 
Electron attachment to certain polyatomic molecules in 
the gas phase may result in the formation of temporary 
molecular negative ion states (lifetimes up to lO seconds) 
2 
which can be directly investigated using time-of-flight 
techniques2 thus providing a rare opportunity to observe 
directly an intermediate state, so often postulated in many 
branches of chemistry. The electron capture properties of 
such molecules, particularly sulphur hexafluoride, have 
already been utilised to great advantage in the control of arc 
discharges, for plasma quenching and as an insulating medium, 
many times more effective than air, in Van de Graaff accelerators, 
high voltage equipment and power transmission lines. In 
chemistry, electron capture processes and negative ion formation 
play an important role, both in condensed and gaseous phases, 
and as such have found many practical applications. Their 
presence in flames has led to the suggestion that they play an 
important role in combustion processes- 3 Negative ion mass 
spectra, which are generally much simpler than positive ion 
spectra, have been effectively employed in the analysis of 
organic and inorganic compounds. 5 
The presence of free electrons in the upper atmosphere 
formed by photoioniaation and photodetachment processes plays 
a dominant role in radio and television communications through 
the reflection of electromagnetic radiation. Their formation 
and build up near the nose cone of apace vehicles when re-
entering the upper reaches of the atmosphere is largely 
responsible for the characteristic communication blackout. 
This problem may eventually be partially solved with the 
development of more effective electron scavengers and suitable 
supporting media; 	The negative ions present in the 
ionosphere and reactions in which they may be involved are still 
3 
largely uninvestigated 6 by comparison with the detailed 
knowledge made available for positive lana by various methods 
including rocket-borne mass spectrometers. 
The objectives of the study were (i) to examine the 
interaction of slow electrons (0-15ev) with a variety of 
inorganic and organic molecules,. (ii) through a detailed 
investigation of the associative and dissociative capture 
reactions obtain a better understanding of such interactions 
and (iii) where possible, to determine previously unknown 
molecular and radical parameters. 
Measurements of the autodetachinent lifetimes and 
associative capture cross-sections for a large variety of 
organic and inorganic molecules were undertaken with a view 
to evaluating the reliability of the theoretical model which 
has been proposed for associative electron capture through a 
correlation of the experimental data with the predictions of 
the model. 
Dissociative electron capture processes were examined 
in several groups of chemically interesting molecules; 
inorganic fluorides, fluorophosphines, pert luorocarbons, 
fluoroketones, fluoroaldehydes and the stable free radical 
bis-trifluoromethyl nitroxide. Many of the reactions 
responsible for ion formation by a particular molecule were 
identified and discussed with those of the other members of 
the 'oup; electron affinities and bond energies were 
calculated and compared to available literature values. 	The 
effects of the energy spread of the ionising electron beam 
on the experimental data were partially removed by the 
application of iterative smoothing and unfolding methods. 
Lj. 
CHAPTER 2 
THE THEORY OF ELEC2RON-14OLECUL.E ATTACHMENT PROCESSES 
When a low energy electron (less than 100ev) Interacts 
with a molecule under single collision conditions, depending 
on the energy of the electron and the nature or the molecule, 
one of the following attachment processes may occur: 
Associative Resonance Capture, 
AS + a - AB_* 
Dissociative Resonance Capture, 
AB+ e 	+3 
Ion Pair Formation, 
AS + e -4 C + 
For ease of presentation AS Is shown as a diatomic molecule 
but A or B may be a group or groups or atoms and processes 
(ii) and (iii) above may involve the rupture of several 
bonds. 
(a) Qualitative description of attachment processes. 
(1) Associative resonance capture. 
Interaction between a slow electron (-0ev) and a 
molecule which has a positive electron affinity may lead to 
the formation of a molecular negative ion state (AB_*)  which 
has a lifetime amenable to investigation by time-of-flight 
techniques i.e. T a > 10 68ec. 
T -1 
a 	 * 
AB+ e 8 )AB 	)A3(opAB ) + e 
The electron affinity, E, is defined as the difference 
between the ground electronic, vibrational and rotational 
level of the neutral atom or molecule and that for the negative 
5 
ion. 	The magnitude of 0a' the attachment cross-section, is 
determined by the vibrational overlap integral (the integral 
over the product of the vibrational elgenfunctions of the two 
states involved) whilst T. 0 the autodetsobment lifetime, 
depends upon the degrees of freedom available in the ion for 
distribution of the kinetic energy of the incident electron. 
In the absence of collisional stabilisation, ejection of the 
electron (autodetachment) will take place when the molecule 
returns to a suitable configuration. The cross-section for 
autodetachment, 0ad'  is equal to aaPads where  gad'  the auto-
detachment probability, depends upon the extent of 
dissociative attachment which is in competition with it. 
At the low pressures (10-6 tori') normally employed in 
the mass spectrometer ion source, collisions with a third 
body, in which the excess energy may be transferred, are too 
infrequent for stabilisation to take place. 	In experiments 
using higher pressures, swarm beam experiments for example 
(up to 1000 torr), stabilisation may occur to a significant 
extent. 
A simple two-dimensional representation of the potential 
energy surfaces involved in associative capture is illustrated 
in Fig. 2.1(a). 	In this, AD represents the ground electronic 
state of the neutral molecule, where a,b, is the amplitude of 
oscillation for the lowest vibrational state. AS represents 
the ground electronic.state of the negative ion. 	An incident 
electron with energy close to E, excites the neutral molecule 
to the state represented by a',b', in the figure. 	The 
probability of capture to form a vibrationally excited AB ion 
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is then high and, in the absence of stabilisation, the ion 
undergoes autodetaohment by the reverse process. 
The width of the resonance, i.e. the capture cross-
section peak width,is dependent upon the stability of the 
compound ion state, those states with long lifetimes having 
narrow resonances. 	Experimentally these resonances often 
indicate the electron beam energy distribution used to 
investigate the resonance. 9 ' 11 ' 31 
(ii) Dissociative resonance capture. 
Dissociative resonance capture may be considered to 
take place in two stages. 
rT 
AB+e a ) AB_* "da) C~ s 
The electron is first captured by the neutral molecule 
without alteration of the positions and velocities of the 
nuclei (Franok-Condon principle), the resultant ABa may then 
decompose by autodetaohment or dissociate into the final 
products, these two processes being in competition. 	The 
Franek-Condon principle states that in an electronic transition, 
because of the large ratio of nuclear to electronic mass, 
provided vibrational excitation of the neutral molecule does 
not occur, the time taken for the transition (< 10 53e0.) is 
negligible compared to the vibrational time period 
(10-  12 - 10 -13  see.) hence the nuclear separation will not 
change during the transition. 	This principle is used in the 
simple potential energy diagram representing dissociative 
attachment shown in Fig. 2.1(b). 	A vertical (Franck-Condon) 
transition from the ground state of the molecule AB to the 
7 
repulsive surface representing an electronically excited A3 
state results from the capture of an electron in the energy 
range E. to E1 . The transient parent negative ion state 
(lifetime —10' 133ec.) decomposes along the surface shown to 
form the negative ion A' and the radical B, provided that it 
does not undergo autodetachment reverting back to the ground or 
an excited state of the neutral molecule, AD. The dissociation 
fragments formed will have distributed between them kinetic 
energies in the range E1 to E2 according to the principle of 
conservation of momentum: 
KE(C) - N(s) 
icE(s) - M(A ) 
where ICE represents the kinetic energies and M(C) and N(S) 
are the masses of C and B respectively. 
In the Mranck-Condon region, where the potential curve 
of AB lies above that of AS, Fig. 2.1(b), the molecule ion 
is unstable towards autodetachment. The cross-section for 
dissociative attachment, 0da'  is therefore dependent on 7 as 
the cross-section for electron detachment to AD, and the 
probability (p da) that A5 will dissociate without auto- 
detachment is therefore given by °ada'  where the probability 
da was defined by Holstein 67 as being equal to 
where T a is the autodetachment lifetime and P 3 the 
Stabilisation time required for the nuclei to reach the 
crossing point of the AD and AB potential curves, shown as 
B0 in Fig. 2.1(b). 
°da = e 9 e T'1 	................(1) 
ri 
Once the neutral and ion have separated to the crossing 
point R0 the system is stable towards autodetacbmeflt. 	The 
region between R, and R. in which the negative ion is unstable 
towards electron ejection and in which competition between the 
two processes takes place, is called the autodetaohment region. 
The cross-hatched region, between the classical turning points 
of the molecule in its ground vibrational level, H 1 to H2 , is 
called the Franck-Condon region. 
Dissociative electron capture normally occurs in the 
0 - 15eV energy range. The energy at which the fragment ion 
C first appears, the appearance potentialA(C), is related 
to the electron affinity of A. E(A), and the bond dissociation 
energy, D(A-B), by the energy balance equation: 
D(A8) = A(C) + E(A) + EE,t KE.. ....... ( 2) 
where EZA-iS the internal excitation of Aand KE,-is the kinetic 
energy imparted to Aduring the process. 	Since it is 
difficult to measure the excess energy terms in practice they 
are usually omitted and equation (2) written as follows: 
D(A-D) 	c A(A) 	+ E(A) ................. . . (3) 
The parameter deduced from measured appearance potentials thus 
provides either a lower or an upper limit. 
The shape of the capture cross-section resulting from a 
dissociative attachment process is illustrated in Fig. 2.3(b) 
using the reflection method. 	In this, Y 2, the square of the 
initial vibrational wave function of AD, which is the 
probability of the molecule AR having a particular internuclear 
separation, is reflected from the A3 curve in the Franck-
Condon region onto the energy axis; the shape or the ionisation 
JON 
(a) 
THE SHAPE OF DSSOCIAYlVE CAPrURE CROSS SECTIONiS 




efficiency curve is then produced. The zero of energy is 
taken as the vibrational ground state of the neutral molecule. 
The slope of the AB potential surface in the Pranek-Condon 
region thus determines the overall shape of the capture cross-
section. 	This is illustrated in Fig. 2.3 (b) for two surfaces 
of different slope in the Franck-Condon region. From AB(i) 
the ion will have a threshold energy close to 	and a 
maximum at E( j ) the energy corresponding to the largest 
transition probability. Because of 'f 2 penetration at each 
side of the Franck-Condon region the C capture cross-section 
will not be strictly contained within the energy limits 
and E8 ( 1 ) but will extend across these boundaries to a degree 
determined by the T penetration. 
Fig. 2.2(a) illustrates a further situation leading to 
dissociative electron capture in which the A5 ion has a 
potential well, the dissociating limits of which intersect 
the Franck-Condon region of the ground state neutral molecule 
AS. 	In this case a vertical transition for the capture of 
electrons with energies in the range E to F. results in 
CL 
formation of the dissociation products C and B having kinetic 
energies in the range 0 to E1 . Capture of electrons in the 
energy range E to Eb,  however, can lead to the formation of 
a short-lived vibrationally excited negative ion state A3 
which, in the absence of collisional stabilisation, reverts 
back to the original molecule AS or a vibrationally excited 
state of it by spontaneous autodetachnent. 	This situation 
is comparatively uncommon but its occurrence results in the 
phenomenon of vertical onset illustrated by the capture cross- 
10 
section profile in Fig. 2.3(a). 	The capture peSk. attains 
maximum cross-section at threshold and the ion is formed 
with zero kinetic energy at the threshold. 
(iii) Ion-pair formation 
Formation of a negative ion by an ion-pair reaction is 
not a resonance process as the scattered electron can carry 
away excess energy and the process can take place over a wide 
energy range from threshold. 
AD + e 	> C + B+ + e(or a*) 
This is illustrated in Fig. 2.2(b) where a vertical 
transition to the surface A8 gives rise to ion-pair 
formation with the fragments sharing translational energies 
in the range E1 to E2 . The appearance potential for the 
positive and negative ion formed is given by the following 
expression: 
A(C) = A(?) = D(A-B) + I(S) -E(A) + BE + KE...(4.) 
where I(S), the ionisation potential of B. must be greater 
than the electron affinity of A, E(A), in order for the process 
to be exothermic. The magnitude of the I(S) term generally 
restricts the occurrence of ion-pair formation to the energy 
range above 10eV. 
(b) Theoretical review. 
Theoretical treatments of unimolecular electron capture 
have, up to the present time, been restricted to diatomic 
molecules and particularly the experimental data obtained for 
H2 and 02. The work of Rapp et al. 68 and Schulz 69"' 7' for 
11 
electron attachment in 112  and its isotopes has been the 
foundation around which much of the theoretical approach has 
been constructed. 	This has resulted in a detailed 
description of the molecular negative ion states of H 2 
involved and the isotope effects observed but extrapolation 
of these findings to polyatomic molecules is prevented by the 
lack of knowledge of the molecular negative ion states involved. 
The complexity of polyatomic molecules and of the parent 
and fragment ions resulting from electron capture have pre-
cluded any substantial quantitative theoretical treatments 
However, several qualitative approaches to resonant electron 
capture have proved useful in understanding the experimental 
data obtained for such systems. 
The first theoretical treatment of unimolecular electron 
capture was presented in 1935 by Bloch and Bradbury 72 in an 
attempt to explain the experimental results of Bradbury 73 on 
electron capture by molecular oxygen to form o2 . Their 
proposed mechanism was the capture of an electron from a tree 
state into a bound state in the molecule through a weak 
coupling between the electron motion and the nuclear motion 
of the molecule. 	The excess energy of formation (the 
kinetic energy of the incident electron and the electron 
affinity of Oa)  was distributed by excitation of the molecular 
vibrational and rotational energy levels. 	Collisional 
stabilisation by transfer of this energy to third bodies then 
occurred. Restriction of the approach to diatonic molecules 
and application of the Born-Oppenheimer approximation using 
perturbation theory with the nuclear kinetic energy as the 
perturbation enabled calculation of the transition probability 
from a free to a bound electronic state and the lifetime of 
the resulting vibrationally and rotationally excited negative 
ion state. The theory also gave a dependence of the 
phenomenon on the average energy of the incident electrons 
which agreed with the experimental observations. 
510th and Bradbury's approach72 was later modified by 
Massey (1950 )74 and then Stanton (1960). 	They also argued 
that the influence of the kinetic energy of the nuclei on the 
electronic wave function gave rise to transitions which resulted 
In electron capture and Massey provided an expression for the 
effective capture cross-section of the process concerned. 
Stanton obtained an expression similar to Massey's but also 
considering the selection rules involved in electron capture 
by the Bloch-Bradbury mechanism. Chen (1963)76 used this 
approach to calculate the cross-section for dissociative 
attachment to hydrogen and to provide an exact description of 
dissociative attachment processes by a finite set of coupled 
equations. This method did not give a clear picture for 
autodetachment and was reformulated by Bardaley at al. 77 (19614) 
using the Kapur-I'eierls formalism in order to account for 
competitive autodetachmwt from the molecular negative ion 
state. 
The treatment of electron attachment to molecules using 
the resonance scattering theories has since proved to be the 
most lucrative approach. The major contributions by 
Bardsley at al. (196U), 77 Chen (1966)0 	Chen and Poacher 
79 (l967), 	and O'Malley (1966,1967) 80 P 81 have been summarised 
13 
and discussed in the review article by Bardsley and Mandl 
(%$)82 
Taylor at al. (1966) 83 presented a qualitative 
description for the resonant tconipo.uhd' negative ion States in 
atoms and molecules with a general quaaistationary method 
through which the energies or resonant states could be 
calculated from intuitively selected trial functions. It was 
pointed out that all quasietationary methods and scattering 
theory methods are special forms of Feahbachts general theory 
of resonant scattering. 90 ' 93' A qualitative classification 
of Feshbach resonances in polyatomic molecules was presented 
in the review article by Bardaley and Mandl (1966).82 
The term resonance, as applied to electron capture, 
refers to a state in which an electron is temporarily 
captured by a molecule thereby forming a metastable molecular 
negative ion state. Most of the resonant scattering treat-
ments are formulated using the Born-Oppenheimer separation 
and treating electron capture as an electronic transition 
from a continuum (free state) to a discrete electronic state, 
when the final state is degenerate with the continuum it is 
classified as a resonance. 
Electron attachment, treated as a nuclear-excited 
Feshbach resonance, has been put onto a semi-theoretical 
tooting by Compton at al) 7 In this, the attachment cross-
section, ,a'  the autodetachmont lifetime, Tatand the molecular 
electron affinity, E, are related by the principle of detailed 
balance. A knowledge of a.and Tp determined experimentally, 
can then be used to estimate E. This approach, discussed 
114 
fully below, has been used in conjunction with experimental 
data determined In this study for the calculation of electron 
affinities (Chapter 4) for several small polyatomic molecules. 
(a) Discussion of resonance phenomena. 
Taylor et A1. 83 recognised two distinct types of 
resonant states in electron-atom and electron-molecule 
scattering which, from the analogy to nuclear physics, they 
called 'core-excited' and gingi_partic1et resonance states. 
A core-excited resonance state is formed when the 
influence of the approaching electron causes promotion of one 
or more of the target electrons into an excited level so that 
the nucleus or nuclei are less well screened by the electrons 
of the atom or molecule. The electron, then confronted with 
a slight positive charge, binds to form a negative ion for a 
short period of time. 	Because the electron in the field of 
the excited target state can go into a bound state, i.e. the 
energy or the negative ion resonant state is below the energy 
of the excited parent target states, or a virtual state i.e. 
the energy of the negative ion resonant state is above the 
energy of the excited target states, core-excited resonances 
are subdivided into Types I and II respectively. 
Type I core-eitoited resonant states, being more 
effectively bound, have relatively longer lifetimes and much 
of the energy associated with the incident electron may 
become distributed about the nuclear framework and possibly 
result in bond dissociation. Alternatively, the molecule 
may return to a configuration favourable to electron ejection, 
the ion decaying back to the target molecule plus the scattered 
15 
electron. The long lifetime can give rise to resonances 
which are narrow in energy whereas the shorter lifetime of 
the Type II core-excited states results in broad resonances 
for both elastic and inelastic scattering. 	This imposes 
considerable difficulties in their detection and the 
experimental evidence for this type of resonance is very 
scarce. 
The second type of resonance, the single-particle or 
potential resonance, occurs when the negative ion is formed 
by the incoming electron moving in the field of the target 
ground state. A combination of polarisation, exchange and 
centrifugal barrier effects lead to the electron being trapped 
for a short time (less than 10 1 9ec .). 	These effects produce 
a potential which Is considerably weaker than that seen by the 
electron In the case of core-excited resonances and hence the 
negative ion states exhibit broad resonances. 
The qualitative description of resonant states presented 
by Taylor at al. 8 is primarily aimed at an understanding of 
elastic scattering in atomic systems, the discussion of 
electron-molecule interactions is restricted to diatonic 
systems and particularly to the results of Schulz for 112 . 69 s 70171 
Extrapolation of Taylor's classification to polyatcmio 
molecules is not as convenient as the use of the qualitative 
description of Feshbach resonances given In the review article 
by Sardsley and Mand182 which is primarily designed for 
polyatomic systems. 	In this, the single-particle resonant 
states of Taylor et al. 63 are referred to as shape 
resonances. Feshbach resonances, equivalent to the core- 
16 
excited states of Taylor at al.. 83 are divided into two 
classifications depending on whether the kinetic energy of 
the electron is absorbed into the electronic or nuclear 
motion or the target. 
The first type, electron-excited Feshbach resonance 
states, are those in which the incident electron excites 
single or multiple electronic target states, the energy lost 
by the electron in exciting the target leaves it with 
Insufficient energy to escape while the target remains in its 
excited state. Before the electron can be emitted it must 
re-absorb energy from the target. Most of the resonances 
which have been observed in atomic systems are of this type 
and they normally exhibit narrow resonances. 
The second type, nuclear-excited Feshbach resonances, 
are those in which the kinetic energy of the incident electron 
is absorbed solely into the nuclear motion of the target, 
the electronic motion being unaffected. This type of 
resonance is observed for the low energy electron attachment 
to large polyatomia molecules in which the distribution of 
the excess energy amongst the vibrationally excited levels 
of stable electronic states can result in resonances with 
extremely long lifetimes (up to 10 3sec.). 	Collisional 
stabilisation may then lead to molecular negative ions with 
'infinite' lifetimes1 	The long lifetimes of nuclear excited 
Feshbach resonant states correspond to very narrow resonances. 
All of the long-lived polyatomic parent negative Ions studied 
during the course of this work correspond to nuclear-excited 
Feshbach resonant states of the molecule and in all cases, 
17 
possibly with the exception of c-O7F1 , the resonance width 
was found to reflect the electron energy distribution used in 
the measurements. A statistical model, developed by 
Compton at al) to explain their electron attachment data 
for nuclear-excited Feshbach resonant states in some polyatomie 
molecules, has been used in conjunction with the experimental 
data obtained in this work (Chapter 10 and a detailed 
description of this approach is presented in the following 
section. 
(a) Theoretical approach to associative resonance capture. 
The existence of a long-lived (> 10" 65e0.) molecular 
negative ion state was first reported by Edelson at al.
2  who 
showed that the 	ion was metastable and subject to auto- 
detachment with an average lifetime of approximately 10 psec. 
Asudi and Craggs8 and Hickam and Fox 9 have suggested that 
the energy of the captured electron is shared with the many 
degrees of freedom of the large and generally symmetric 
molecule for a time amenable to observation in a conventional 
mans spectrometer. Compton at al. 37 o 65 extended the range 
of long-lived molecular negative ions to include 0 6H5N0, 
(CR0) 2- 9 and (CE300) and several perfluoroc&rbons with auto-
detachment lifetimes from 25 psec. for (cHO) to 800 psec. 
for c-C71'1 . 
Compton at al. 37 proposed a simple semi-theoretical 
model to explain the long lifetimes encountered for the 
nuclear-excited Feshbach resonant states investigated. 	The 
molecule is represented as an assembly of weakly coupled 
gin 
ESIt 
harmonic oscillators, the captured electron dissipating its 
kinetic energy amongst the various internal degrees of freedom 
of the molecule, so allowing the ion to exist for some time 
before relocation of the energy into a mode favourable to 
autodetachment. The proposed model relates a, the attachment 
cross-section, T5 , the mean autodetachment lifetime, and E. 
the molecular electron affinity, at equilibrium. The 
metastable negative ion AB_* decays with a mean autodetachment 
lifetime T. to the original neutral molecule plus a free 





The lifetime of the temporary negative ion state is 
related to the attachment cross-section through the principle 
of detailed balance, i.e., 
= .2- 	................... (5) 
° % P  
where o and p ° are the respective densities of states for the 
ion and its fragments of relative velocity v. Measurement 
of a and Ta  and a knowledge of the vibrational frequencies 
of the molecule can then be used to calculate the electron 
affinity which is the dominant parameter in i/ ° . 
The density of final states, p 0 is the product of the 
densities of states of the dissociated fragment8, i.e. 
where PM = 1 if it is assumed that the molecule is 
left in its ground vibrational state. This appears to be a 
reasonable assumption considering the very low electron energy 
prior to attachment (-005eV). 	Compton takes p6 , the density 
of states of the free electron, from the work of Schiff 86 , 
to be: 
m2v 
P 	= e (6) 
as OM is taken to be unity P. = P 0 and, 
PG ........s....**e••• (7) 
The density of states for the negative ion, p, is 
calculated from the continuous energy density expression of 
Rabinovitch and Diesen8 for a molecule (or ion) having N 
degrees of freedom and vibrational frequencies, v: 
[* + ( 1 - 
p 	= 	N 	 .... ... . (8) 
r(N) flhv 
1=1 
where E.is the zero point energy (one half the sum of all 
e is the energy of the molecule (or ion) in excess of 
i.e. the sum of the electron affinity, B, the kinetic 
energy of the incident electron, ekesand the average 
vibrational energy or the original molecular system above Be 
f(E)dE, r(N) is the gamma function of N where N was taken to 
be 3n - 6 for non-linear polyatomic molecules of n atoms, and 
(1 — ow) is an empirical correction factor. 88 
f(E)dE, the thermal (300'160K) vibrational energy 
distribution for the molecule was calculated in 01 Kcal 
intervals of energy, E, using the expression: 8 
e 
0 
r(E) = N  ...E/PJ(E(l)E 	
* 
the results of this procedure for several systems and its 
overall significance to the determination of E from • is 
discussed in Chapter Li.. 
(l-$w), called the Whitten-Rabinovitch empirical 
correction factor, has to be computed for each molecule. 
Its value is critical at lower energies, S < 2E, but above 
this the Spread of values, arising from the difference in 
vibrational frequency patterns, is very small and (1-0w) 
tends to unity. B is a modified frequency dispersion 
parameter which takes some account of this; 88 
- N-l'cv2> 
N cv> 
- N-]. [zhv2ft] 
- N [mvft]2 
N-i Ehv 
(Ehv)2 	
- •*...+ oo•• (10) 
The parameter w is a function of E' = 	and is 
calculated as follows; 88 
for S' = 0'1-1'0 w = [5E' + 2.73(Et)°5+3.5lI... (11) 
and for E l = l'0-80 in to = -l'0506(E.')9 25 ...n..n.. (12) 
Use of these expressions Involves an error of less than 
i% in p for N C 30. 
Substituting back into equation (8) and assuming the 
spin degeneracy of the negative ion to be two leads to the 
expression relating Ta,  a. and E; 
2n2b3  [c+(l_Bw)Et' 1 
T= 2 a 	m v 	N 	 •..e.es•e.,o*eee*•• (13) 
r(N) fl hvi.v08 
i= 1 
21 
rearranging and solving for s 
g + (1-w)E = [T 5o8 .14.rrm2v2r(N)fl
N
bv1 .h 3 3 
1/k-1
z 	 1=1 
c is first computed with (1-to) set to unity, the electron 
affinity is then approached through iterative calculation 
terminated when the difference between consecutive values 
is s O'OO2eV. 
The application of this approach to actual systems is 
partly limited by a dearth of vibrational frequency data 
although for those systems examined by this model the electron 
affinities calculated were in excellent agreement with the 
values obtained by the Magnetron tecmiquek and from the study 
of the ionisation efficiency curves for the same ions produced 
from other systems i.e. E(3F1) 0010 = 12eV, E(SF) from 
3F1 '/SF6 = 12eV. That useful quantitative data could only 
be obtained for small (N <.30) symmetrical molecules is 
explained by the following general comments on the limitations 
of this approach made by Compton et al., 37 Mots" and 
Collins: 66 
(i) Equation (13) is formulated for ion decay to the ground 
state neutral molecule. 	If, however, the captured 
electron was incident with energy in excess of one or 
more excited vibrational levels of the neutral molecule 
the system may decay to vibrationally excited neutral 
molecular states. This becomes more critical with 
increasing N as the density of states available renders 
this decay channel more probable. 	PM is then increased 
from one, assumed above, to one plus the possible sums 
22 
of vibt'at ion. overtones below S. 	Some of the molecules 
may be in excited vibrational states prior to electron 
attachment as a result of source temperatures for example. 
This would similarly increase the number of available 
neutral molecular states to which the ion could decay. 
If this number is designated as K, and v 1 and v3 are the 
velocities of the incident and outgoing electron, 
Collins et al. 66  have modified equation (13) to account 
for this: 
2172b3 [c + (l_B w )E2 ]N 
a 	2 	-. Km V0 1(N) Ir  hVI.ViCa 
 
1=1 
this predicts a pronounced drop in T with increasing 
temperature when many vibrational overtones of large molecules 
become accessible. 
(ii) Klt 8 has pointed out that as equilibrium conditions 
are not satisfied for lifetime measurements in beam 
experiments equation (ll) results In lower limits for 
electron affinities, 
(.iI) The negative ion vibrational frequencies are assumed to 
be the Same as those of the neutral molecule. The fact 
that these equations apply for large molecules makes 
this a not too unreasonable assumption. 
(iv) One assumption inherent in the basic concept of this 
model is that all vibrational modes share the excess 
energy available from negative ion formation. This 
may, however, depend on the negative ion geometry (which 
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in almost all cases is unknown) and may be a 
contributing factor to the ineffectiveness of the model 
in handling large unsymmetrical molecules. 
(v) Discrepancies and approximations involved In the 
measurement of a9 and T. carry through to the 
quantitadive data deduced from the model. 	In practice 
the magnitudes of Ta  and 0a  were found to be fairly 
insensitive, within their respective experimental errors, 
on the value of E calculated from equation (lIj.) i.e. 
using the vibrational frequencies of Ref. 88 for SF6 the 
following values calculated for E(SF6 ) may be compared 
to the magnetron value of 
•T (this work)iasec. 	Qacm2(tten..35) 	E(8F6)0910(eV) 
681 	0-95 x 10(r006eV) 	lLO 
68'1 1-17 x l0(v005eV) 1 -44 
681 1•50 x 10 '(v=0OUeV) 118 
681 	207 x 10 1 (v 0'.O3eV) 	154 
T 	 a cm2 (ref,35) E(SF ) 	(eV) 
(Cbristophorou at  al.P 
250 095 x 10 1'25 
250 117 X 10 -14 129 
250 150 a 1011 1*34 
25'0 207 a 10" 139 
In this work the thermal electron energy was taken to be 
0'05eV and the value of a  = 1l7 a 10$cm2 used for the 
capture cross-section for SF6. 
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(e) Theoretical $pprQaQh 	sociative resonance capture. 
Holstein6 (1951) proposed that the cross-section for 
dissociative electron capture, °da' be given by the product 
of the attachment cross-section, 0a'  for capture into a 
repulsive state of the molecular negative ion AB -* , and the 
¶24' 
probability, e 	, that AB will then dissociate without 
autodetachment: 
	
a = "a 	. ......... da 	a (1) 
where Ta  is the autodetachment lifetime and ¶2 5 , the survival 
time, is the time taken for the nuclei to reach the crossing 
point RC (Fig. 2.1(b)) of the original molecular state and 
the dissociating negative ion state. 
This concept was used by Rapp et al. 68 for a qualitative 
explanation of the isotope effects observed in their 
experimental dissociative capture cross-sections for ion 
formation in 112*  lii) and D2 in the energy range 7-18ev. 	For 
all ions, C and if, the ionisation efficiency curves showed 
a broad peak maximising at about 10ev and having a shoulder 
about 12eV followed by a narrow, sharper peak of higher cross-
section maximising at 14 2 ± OleV. The capture cross-
sections at the lUeV  peak maxima were measured to be 208 x 
1020, 1 45 x 10 20  and 097 x 10_ 20cm2 for H1112,  C+lf/liD 
and if/D2 formation respectively. This was rationalised in 
terms of the competition between dissociation and auto-
detachment when the intermediate molecular negative ion states 
are formed. The 2  ion, existing for —10 3sec. 0 has a, 
finite probability for electron emission leading to a 
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corresponding depletion in ads' 	It was then suggested 
that autodetachment per unit time would be independent of 
mass then, since T.will be longer for the heavier isotopes, 
relatively more autodetachment will occur and the yield of 
atomic ions would be lower for the heavier isotopes. 	In 
addition to the isotope effect on Oda a small shift In the 
140V peak to higher energies with increasing isotope mass 
was considered to be real and explained as follows: the 
ground state vibrational levels lie at lower energies as the 
mass is increased, the equilibrium separation therefore 
decreases with increasing mass, leading to transitions to 
higher portions of the repulsive H 2 potential energy curve. 
Recent theoretical treatments of dissociative capture 
based on the resonance scattering theory of Feshbach 191 have 
provided an explicit expression for 'a  in equation (1) and 
predicted the isotope effects on the magnitude and energy 
dependence of Ca  as observed by Rapp et a].. 68 Although 
Bardaley et al.,77D6l  using the Kapur-Peierls formalism, 
reached the same conclusions, O'Malley's t reatmentø081  goes 
beyond the Kapur-Peieris approach by the inclusion of 
vibrational and rotational states and in considering the 
effects of direct transitions on dissociative attachment. 
Resonance scattering theory 81 provides equation (16) 
for the dissociative attachment cross-section from the 
vibrational and electronic ground state of a diatomic molecule: 
= 4n3/2 - 	1(112 r)2 - o - E) 2] 
da, 	 exp1 	(1/211)2 	I k i  d 	L 'A J 
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1.60 Oda 	a a 
where B is the incident electron energy, i4 = 
(ki is the incident electrons wave-number), 	is a 
statistical factor covering the weight factors for rotational 
and electronic angular momentum and relative spin multiplicity. 
I'; and r. are the partial and total autodetachmeflt widths 
respectively (and li/Ij and 'h/I'9 are the associated lifetimes) 
of the compound state and 1'd  is the experimentally observed 
dissociative cross-section width. 	= E0 + 1/2hw, where Eo 
is the electron energy associated with a transition from the 
equilibrium position of the ground state molecule and 112 tiw 
is the zero point energy associated with the bond broken 1n 
the dissociation. 	Finally, the factor, 8- p 	is the 
survival probability term (equation (1)) given by O'Malley 81 as 
P (E) =f 	
I'a(R)dR 
(17) b v(R) 
RE 
where RE  is the internuclear separation at which incident 
electrons of energy S are captured, Re is the internuclear 
separation at the crossing point H0 (Fig. 2.1(b)) and v(R) 
is the relative separation velocity of the nuclei as a 
function of the internuclear separation R. 	Following 
Holsteira, 6 it is assumed that -autodetscbment becomes 
insignificant beyond Re. 
Although the lack of knowledge of the nature of the 
intermediate molecular negative ion states prevent the 
calculation of absolute magnitudes and energy dependencies 
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for °da'  equation (16) predicts a mass dependence for ads 
as a result of the mass dependent parameters o(E) and I. 
As the relative velocity of separation of the nuclei is 
proportional to r1/2,  the survival time, P 5 , required for 
the nuclei to separate to the crossing point, R 0 , is 
proportional to p1/20 that is, 
1/2 p.oc p 	 ................ ( 18) 
this can lead to large isotope effects, the heavier isotopes 
having the smaller cross-sections. 
rd is given by O'Malley 53;61 
(S.) 1/2 = 2v' 	............. (19) PW 
where v is the force acting to separate C and B at R 0 , w is 
the frequency of oscillation of the A-B mode and p is the 
reduced mass of the AB_* system. The occurrence of (rd ) 2 
in the denominator of the a term in equation (16) results 
in a p 4 dependence of the exponent on the reduced mass. 
This has two effects: (i) it leads to an isotope effect for 
the width of the cross-sect ion peak and (ii) the magnitude of 
the cross-section. Thus the exponential isotope dependence 
on aa  is made up of two parts being totally proportional to 
Depending on the relative domination of the a.or the 
P(E) term on a it is difficult to apportion the isotopeda 
effect, observed experimenal1y, between the two terms. 
otNall eySl pointed out that if p is small and St E than the 
a. term will produce the only significant mass dependence on 
ada. This type of situation has been observed by Sharp and 
McDowell92 as an qnverse isotope effect' for the formation of 
H from OH,, and D- from CD,, where Christophorou at 
PCH -H
pointed out that çCD-D 	= 084, close to the ratio of 0•8 
found experimentally. The isotope effect for dissociative 
attachment in H 2 0 and D20 has been studied by Compton and 
Cbristophorou, 9 and in the hydrogen halides by Christophorou 
et al. 93  In both cases isotope effects with a 	P_ 1/2 were 
reported which were attributed to non-adiabatic terms by 
Compton and Christophorou but which are difficult to 
understand theoretically. 
In general the isotope effects from the a 8 term are 
small but they may become important In the case of vertical 
onsets. Normally the peak value of,Oda is not affected much 
by the mass dependence of rd in the Gaussian term (cx c  term), 
but the tail of the Gaussian is very dependent upon I. In 
the case of vertical onsets, when dissociation is not 
possible for all internuclear separations in the Franok-Condon 
region (Fig. 2.2(a)), the peak value for odat  lying in the 
tail of the Gaussian, will be very dependent upon s, therefore 
Oao at threshold, will be much greater for lighter isotopes. 
This is probably the explanation for the large isotope 
effect observed by Schulz and Asund17t for the 375eV peak 
for H14l2 (and its isotopes). 	Dfssociation takes place from 
the tail of the 2Z state of 	which, having a well in the 
Franck-Condon region, allows dissociation for only certain 
internuclear separations. This situation is analagous to 
that depicted in Fig. 2.2(a) in which B corresponds to 
375eV and AB to the 2?  state of U2 . As predicted by the 
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theory the isotope effects are large; ea9 = 1'6 x 10 21 0212 
for r11120 	= 21 x 10 22cm2 for W+0/HD and 
°da = 8 x 10 2 1 om2  for 	and the resonance is broad 
-3eV having a maximum at -2eV with 	= 1 x 1050m2. 
Compton and 0hristophorou 91 measuredfor H/120 
and n7p20 and the isotope effects for H- 1'4H20v  if/b202 
0  /'H20and O/2O. Isotope effects on both the magnitude and 
width of ads were reported. H/20 and D/D20 were both 
found to peak at 65 ± O•leV with capture cross-sections 
measured to be 69 x lO' and 62 x 10 8cm2 at their 
respective capture maxima, the D peak being -03eV narrower 
than the E peak. The results were examined in terms of 
- 
equation (1) proposed by Holstein, ads = 0a6 	. From 
the measured cross-sections and the assumption that T a  remains 
constant for both molecular negative ions, 11 20_* and 
Compton and christophorou deduced that T 8/25 > 1. Auto- 	V 
detachment is therefore relatively unimportant and a andda 
the Isotope effects will be dominated by the survival 
probability term in equations (1) and (16). 
A similar study of the hydrogen and deuterium halides by 
Ohristophorou etal. 9 showed an increase in the maximum of 
ads on the energy scale in going from HCl to HBr to HI, this 
being accompanied by a simultaneous increase in the magnitude 
of 0d5•  The values or T5 and T. were found to be comparable 
and very short (P 5 t Ta = 3 . 5 x 10_ 155 ec .). 	The isotope 
effects on a and the magnitude of O
da
are therefore more 
dependent upon the a.term in equations (1) and (16). The 
results of Schulz and Asundi 7 ' for the 375eV resonance in 
Me 
were similarly treated and showed that for vertical onsets 
is large, being 468 for this process. Autodetacliment 
is therefore the determining factor on the magnitude 
ithich is consequently very small. The survival probability 
term therefore dominates equations (1) and (16) and the 
isotope effects are expected to be large, as observed. 
Christophorcu and Stockdale95 summarised and evaluated 
these observations, and many more available from the 
literature, within the framework of the resonance scattering 
theory. The dissociative capture cross-section at the peak 
maximum, .iGda(Emax) was found to be a strong function of the 
peak energy.. Emaxs  with a break in this dependence at the 
energy for which electronic excitation of the neutral molecule 
can occur. 	From a plot of aas(Emax)  vs. 	for the 
experimental results for over 30 molecules, both diatomic and 
polyatomic, molecules were found to fall into three groups; 
Group I, for which Emax is lower than the energy of known 
excited states of the molecule and the negative ion is purely 
repulsive In the Franck-Condon region; Group II, for which 
Emex is greater than or equal to known excited electronic 
states of the molecule and Group HI for which the negative 
ion state is only attractive in part of the Franck-Condon 
region, allowing dissociation to occur over a limited range 
of internuclear separations only. 
The molecules making up Group.1 are partly or fully 
halogenated diatonic and polyatomic compounds yielding halogen 
negative ions for low energy electron impact. The magnitude 
Of Odais mainly determined by 0a'88 T3 , which is a strong 
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function of the steepness of the ABa potential curve, is 
abort and dissociation is therefore fast. T 5 / t8 is in the 
order of 1 to 2 therefore adsis large and the isotope effects 
are small. Thus molecular negative ion states in this group 
appear to correspond to the single-particle or potential 
resonant states of Taylor et 81. 83 and the shape-resonances 
of Bardaley and Mandl.32 
The molecules in Group II are mainly diatomic and 
triatomic yielding r(or if) and O negative ions. The 
molecular negative ion states can be identified with the core-
exalted resonant states of Taylor et 51. 83 and the electron-
excited Feabbach resonance states of Bardeley and Ma ndl82 
where, in addition to elastic, inelastic (to vibrationally 
and rotationally excited neutral molecular states) and 
dissociative capture channels available to Group I molecules, 
the overlap of the waverunctions of the molecular negative 
ion state and the electronically excited molecular state, 
makes the additional scattering channel to the electronically 
excited molecular state much more probable. The magnitude 
of a is therefore determined by both 0. and the survivaldo 
probability. The importance of autodetacbment, reflected 
In the value of 	= 48 for the H ion formed from H2 at 
10eV, results in large isotope effects. 
Group Ill consists of the vertical onset processes i.e. 
the 375eV process in H2 , HD and D2 , the 9'62eV process in CO, 
the 742eV process in NO and possibly the 435eV process in 
CO2 . 95 A substantial attractive potential in the negative 
ion state results in a greater opportunity for autodetachment 
32 
and hence the cross-sections are all small and the isotope 
effects large. 
Besides the isotope and energy dependence effects on 
0dQ successfully predicted by equation (16). O'Malley was able 
to explain and reproduce the striking temperature effects on 
the dissociative capture cross-section in 0.found 
experimentally by Pita at 81. 96 0txailey81  employed a semi-
empirical approach, assuming a Maxwellian distribution of 
vibrational and rotational states. Equation (16) was then 
used and the final-state potential curve of 02 was 
parametrized to fit the experimental data. The observed 
temperature shift, such that at 2100 0IC the cross-section peak, 
°damax' was shifted to lower energy by 1eV while the 
apparent onset was reduced by over 2ev, was round to be 
caused by the effect on excited vibrational states of the 
rapidly varying survival probability, a measure of the 




The experimental work described in this study was 
carried out using a Bendix Model 3015 Time-of-Flight Mass 
Spectrometer. The theory and design of such instruments 
has been described in detail by Stephens 31 and by Wiley and 
McLaren, 32 ' 33 and only a brief machine description followed 
by a more detailed account of the normal operating procedure 
will be given here. 
(a) Basic machine description 
Fig. 3.1 13 S schematic diagram of the apparatus which 
basically consists of an electron gun, a collision chamber 
where ions are formed, a linear field-free drift tube for 
mass analysis of the ions and a fast response Magnetic-Electron 
Multiplier with associated electronics for ion detection and 
measurement. 
A pulse of electrons, with a selected kinetic energy,. 
is collimated into the collision chamber where it passes 
through a low pressure gas (lo 	- 10 tort') and onto a trap 
anode located at the far side of the chamber. The resulting 
trap current is measured with a microatmneter. 	After each 
pulse of electrons has passed (duration 025 I.ssec) the ions 
produced are drawn out of the source region by a pulse 
applied to the first ion grid and are accelerated by further 
grids Into the drift tubs which is normally maintained at 
28KV. 	The pulses and potentials applied to the ion drawout 
grids and ion optics are of reversible polarity In order to 
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Fig. 3.1 	Model 	3015 T.0.F.M.S. 	Block 	diagram 
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accommodate both negative and positive ion studies. 	The same 
kinetic energy is thus imparted to all ions of the same 
charge (i.e. independent of mass). 	The ion pulse will there- 
fore separate out into distinct packets each containing only 
those ions of the same rn/s ratio (i.e. with the same velocity) 
which will register at the detector as separate ion pulses, 
the lightest ions arriving first and the heaviest ions last. 
The secondary electrons generated by each rn/e pulse are 
directed onto the glass strips of the multiplier (maximum 
gain io) and then into the gating region (Fig. 3.14). 
The gating pulses are adjustable in time and can be 
used to monitor the secondary electrons corresponding to a 
Single ion mass or can be scanned in time to collect all or 
part of the mass spectrum. The multiplied signal is then 
fed into electrometer units, covering the range 10 -13 - lO TAmp, 
and displayed on strip-chart recorders. The electron 
packets which are not selectively removed are all collected 
by the scope anode located at the end of the gating region. 
These give rise to a series of voltage pulses across a 
resistor which are amplified and fed to the vertical plates 
of a Tektronix, Type 585/k, oscilloscope whose horizontal 
sweep is synobronised with the ion-drawout pulse.. The mass 
spectrum so displayed on the oscilloscope proved useful in 
preliminary investigations and for the rapid identification 
of negative molecule-ions using the time-of-flight adjust to 
affect neutral and ion separation. 
The operating frequency of the spectrometer is variable 
from 10 to 100 KHz. 	The repetition cycle at 10 KHz is 100 isaac. 
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A 2 peso. delay in ion drawout results from the lag between 
the electron beam pulse clearing the source and the ion drawout 
pulse switching on, leaving a useful spectrum time of 
98 p5cc. 	Using a 200 cm. drift-tube maintained at 28 XV, 
the useful mass range is 1200 a.m.u. 	At 100 KHz under the 
same conditions the useful spectrum time is 8 p3cc. and the 
mass range is reduced to 6 a.m.a. 
Variation of the drift-tube potential has a marked effect 
on the mass range and resolution attainable, the former 
decreasing and the latter increasing as the drift potential 
is reduced. The resolution of the time-of-fligbt Mass 
Spectrometer is defined as that mass, m, at which, when a 
peak of mass m + 1 of equal height is introduced, the peak 
height or amplitude of m will be increased by 1%. The 
dependence of resolution on the conditions described and on 
the adjustment of the ion optics gives rise to a variable 
resolution in the range 150 - 600. 
During this work the operating frequency was normally 
maintained At 17 KHt resulting in an effective mass range of 
500 a.m.u. and a resolution suitable for all requirements. 
The drift tube potential was maintained at 28 XV for the 
dissociative capture work and varied over the range 2 to 
L XV for the autodetachmt studies. 
(b) Detailed machine operation 
The vacuumqstem was designed to maintain a background 
pressure in the flight tube sufficiently low as to preclude 
ion-molecule interactions and to minimise background ion 
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interference. The vacuum chamber pumping port is located 
in the flight tube 55 ems, from the source. 	The flight 
tube and Ionisation chamber were pumped by an Edwards model 
ED150 mechanical pump backing an Edwards model 6M3A, three- 
stage, six inch mercury diffusion pump. The mercury partial 
pressure in the vacuum chamber is lowered by means of a 
liquid nitrogen trap mounted below the flight tube and 
supplemented by a refrigerated chevron battle maintained at 
_350Q• A bakeable molecular sieve, located between the 
forepump and the diffusion pump, serves to trap out harmful 
vapours before they reach the oil pump and to prevent fore-
pump vapour's contaminating the vacuum system. The fore-
line pressure is measured with a Hastings thermo-couple gauge 
(l - lO torr) and the drift tube pressure with a Veeco nude-
filament ionisation gauge (10'3 - 10 0 torr). 	With liquid 
nitrogen In the trap normal background pressures were in the 
range 1 - x lO' torr and in the range 2 - 5 x 10 tort' 
after overnight baking at 2000C. 
Fig. 3.2 is an illustration of the ion source under 
normal operating conditions for negative ion studies. The 
electron beam is generated by thermionic emission from a 
short length (-08 cm.) of filament wire, heated by a DC 
current of 3 to 14 Amps, depending on the resistivity of the 
wire. Two different filament materials were used during 
the course of this work, 0'005" diam. tungsten wire being 
replaced. in later work by OOO7' diam. rhenium wire. 	The 
rhenium wire was found to be more resistant to chemical 
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surface ionisation and to have a longer service life under 
comparable conditions. 
The first electron grid (the control grid) was normally 
maintained at a negative bias potential with respect to the 
filament, thereby preventing electrons from entering the 
ionisation region. Electrons from the filament, which was 
biased 0 to 100 YDO with respect to the ionisation chamber 
held at or close to earth potential, can only traverse the 
collision chamber at the beginning of each cycle when a large 
positive-going pulse of 250  nanoseconds duration overrides the 
control grid bias. The short pulse of electrons, 
collimated by the electron slits, and a nagnbt.ko field of 
—150 gauss, produces ionisation in the low pressure gas sample 
through which it passes before the electrons are collected at 
the trap anode. The trap anode was normally biased only 
slightly positive with respect to the ionisation chamber in 
order to minimise its effect on the electron energy distribution. 
After the passage of the electron beam the ions produced 
are drawn out of the collision region by a positive-going 
pulse of up to 80 V applied to ion grid No. 1. 	Ion grid No. 2 
with a zero to LOOV bias, ion grid No. 3 with a 30% drift- 
tube bias and finally ion grid No. L with the drift tube bias 
accelerate the ions into the field-tree drift-tube. 	Ion 
grid No. 1 was normally maintained at or near to zero bias 
in order to minimise its effect on the electron energy 
distribution by field penetration into the ion source. 
The ion beam was collimated in the drift-tube by the ion 
optics and external compensating magnets situated at each 
end of the tube. 	The ion optics consist of; (i) horizontal 
M. 
and vertical deflection plates situated close to the source 
and of the drift-tube (ii) an ion lens placed at the centre 
of the tube and (iii) a time-of-flight control positioned 
close to the detector and normally operated at the drift-
tube potential. 	The time-of-'flight control can be biased 
negative with respect to the drift-tube and serves to 
separate out the neutral and charged components of a short-
lived species which may decay by electron detachment during 
flight. Fig. 3.3 illustrates the drift-tube and optics and 
shows the internal dimensions and the bias potentials 
operating for a +3KV drift potential. 
The multiplier was normally operated at maximum gain 
for negative ion experiments but a much lower gain proved 
sufficient for positive ion work. 	The collection gate pulses 
were of variable height and width but they were normally 
operated with both at maximum thereby Insuring that the 
electron packets were fully collected. 	However, this 
provided insufficient resolution for mass scans and measure-
ments on the separated neutral and ion peaks of a molecule-Ion 
when maximum resolution was required. 	In these circumstances 
minimum gate widths (200 n.sec.) were used resulting in a 
large increase in resolution at the expense of signal 
intensity. 	The 5V.DC full-scale output of the electrometer 
units was stepped down by simple potential dividing circuits 
to suit the maximum input of the Kent 1 tiff potentiometric 
recorders. 
After each filament replacement the electron beam was 
re-aligned using internal collimating magnets. 	The filament 
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bias was set close to maximum and magnet re-orientation 
achieved by holding large magnets against the source 
housing and gently tapping the housing with a rubber mallet 
until maximum trap current was registered on the microammeter. 
Trap currents in the range 1 to 2 pkmps were obtained, 
depending on the electron gun alignment, the filament 
material employed and the filament current. 
The presence of stray fields in the source region (which 
would result in electron beam divergence) was shown to be 
negligible by Insulating the trap anode shield from the 
source block and connecting it to an electrometer. 	This 
Indicated that less than 1% of the electron beam failed to 
reach the trap anode. Switching on the high drift-tube 
voltage under these conditions had no effect on the electron 
beam collimation and can be taken to indicate the absence of 
Serious field peak-through into the collision chamber. 
When required, the trap current could be maintained 
constant over the energy range by means of a feedback loop 
circuit as follows: a small fraction of the trap current is 
sampled and used to adjust the filament current in order to 
maintain a set electron emission. 	At low electron energies, 
when an unfavourable bias on the filament prevents electrons 
entering the slit system, the filament current would continue 
rising to compensate for the declining trap current. Filament 
disintegration under these conditions is prevented by fixing 
the maximum level of filament current permissible. Under 
normal operating conditions, when the trap current was 
maintained as low as was consistent with reasonable ion 
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Intensities, the upper limit imposed on the filament current 
was never reached. The selection of trap currents in the 
range 00025 - 005 pAmp allowed 'negative electron energies' 
up to 3 volts (achieved by inserting a mercury dry battery 
into the filament bias circuit) to be used in negative ion 
experiments without a serious increase in the rate of 
filament erosion. High trap currents (greater than 01 pAmp) 
were found to cause a substantial broadening of the electron 
energy distribution, as a result of space charge effects, 
and to increase filament erosion and surface ionisation due 
to the Increased: filament temperatures. 	Trap currents in 
the 01 pmp region were only used for very low cross-section 
Ions when all other methods for signal intensification had 
failed. 
The ion drawout delay time was maintained at minimum 
for most of the work reported here, although the effect of 
increased ion residence in the source before drawout was 
investigated in relation to the autodetachnent work. 	Ion 
grid No. 1 was permanently maintained at —OV.DC bias and the 
pulse amplitude was normally operated at maximum. Slight 
changes In the pulse amplitude were required to maintain ion 
resolution for drift-tube potentials less than 3 ICy when the 
beam becomes particularly vulnerable to energy defocussing 
which results from ion diffusion prior to drawout. 
The bias on ion grid No. 2 was empirically adjusted to 
optimum signal and was usually close to the maximum value. 
The magnet assembly around the multiplier was adjusted to 
the position of maximum gain followed by realignment of the 
C- 
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compensating magnets. The source compensating magnets were 
varied in strength by the addition or removal of iron shims 
until all the masses in the spectrum peaked with the some 
potential applied to the ion vertical deflection plates in 
the flight tube. The multiplier compensating magnets were 
similarly treated, to produce simultaneous peaking of all 
masses on adjustment of the horizontal deflection plate 
potentials. 	Focussing was completed with the ion lens. 
(a) The inlet system 
The Bsidix Model 1072 Heated Molecular Leak Inlet System 
used in5thia study is shown diagrammatically in Fig. 3.5. 	The 
complete gas-handling assembly is of stainless steel and is 
enclosed in a stainless steel oven bakeable to 220 0C. 
Valves 2 to 12 are Hoke bellow valves containing teflon seats 
in stainless steel seat holders and valve 1 is a Hoke valve 
with teflon packing. 
The gas line is pumped by a Welch rotary-vane 
mechanical pump (to 001 ton') backing a Consolidated Vacuum 
two stage water cooled oil diffusion pump (maximum 1 x 10 6 
ton). The pressure is measured at D and E by Hastings 
thermocouple gauges and at F by a micromanometer sensor (up to 
10 ton) feeding a Baratron type 77 meter reading to an 
accuracy of greeter than ± 1 x 10 2 torr. The Baratron 
compares pressures to 0'05% accuracy and is unaffected by 
ionisation, cooling characteristics of gases, vapoufl or 
mixtures. 	It measures accurately partial pressure and total 
cumulative pressure independent of gas composition. 	This 
proved particularly suitable in the relative capture cr058- 
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section measurements where the gas wider investigation 
was mixed with SP  in varying proportions and leaked into 
the spectrometer. 
Gaseous and volatile liquid samples were admitted to 
the system at A s their pressures being read on the Baratron. 
Involatile liquid samples were injected at elevated 
temperature through the soeptum at B. The samples, whether 
contained in the sample volume (80 ml.) or the 5 litre 
reservoir, Were transferred to the spectrometer through the 
gold leaks H or I. G Is a straight-through valve normally 
used in admitting dry nitrogen when breaking vacuum. 	I, 
with a 0•001" diameter leak, was used in most cases. H is a 
0'002" diameter leak. 
The sample depletion rate was found to be less than 
iO for a run covering the entire 0 - 15ev energy range and 
considerably less during a more typical run; 
(d) Mass calibration 
The ion flight-time is the parameter to which ion mass 
is related in this type of instrument. For a particular 
drift voltage, V. the kinetic energy imparted to an ion of 
mess m is given by:- 
Imv2 = V 
where v is the ion drift velocity. The time of flight, t, 
then becomes:- 
2V 
= 	= (Km)k where K = 	 ........ (20) 
where d Is the drift-tube length. 
u.s 
If the ion flight time is read directly from an 
osaillos000e o  whose horizontal sweep is synchronised with 
the ion drawout pulse, then a value of t is obtained which 
is slightly in error by the time required for the secondary 
electrons to traverse the multiplier. 	The straight line 
plots resulting from a series of measurements repeated at each 
drift potential provided the values of K required for further 
mass identification and indicated the insignificance of the 
multiplier traverse-time contribution. 
The alternative method used for mass Identification was 
the construction or a calibration curve for known ions against 
the mass selector (potentiometer) value. 	This proved to be 
both rapid and reliable to 200 a.m.u. after which, in the 
200 - 300 a.m.u. range, the rapidly flattening curve provided 
identification to within ± 1 a.m.a. and ± 2 a.m.u, up to 
350 a.m.u. 
(e) Experimental procedure for mass scans and ionisation 
efficiency runs. 
The multiplier gain was set to maximum, the drift 
voltage switched on, the electron energy set to 70 volts and 
the filament current increased to provide a trap current of 
—1 iAmp. The sample was fed into the inlet system reservoir 
to a pressure of between 5 and 10 torr and than leaked into 
the spectrometer to a drift tube pressure of approximately 
5 x 	ton. After the initial focussing procedure the 
gate pulses were used to locate the ions which were also, in 
most cases, visible on the oscilloscope. 	This was followed 
'a'. 
by careful focussing of the mass range under investigation 
and a scan of the spectrum with the gate pulse adjusted to 
minimum width and the electrometer sensitivity set to register 
the most abundant ion on scale. The second gate, lagging 
the first, was used to simultaneously scan the spectrum at a 
different sensitivity, this procedure being repeated until all 
ions in the spectrum had been intercalibrated. The relative 
abundances of the ions were then calculated by measuring the 
ion peak heights from the scans performed and then normalising 
to the most abundant ion from a calibration of the sensitivity 
factors between settings on the electrometers. 
Ions selected for energy dependence studies were examined 
simultaneously using the two available output channels of the 
electrometers. The most abundant ion was employed as an 
internal reference and run against all the other ions in the 
system. The calibration gas was then admitted to the 
reservoir, the partial pressure being that required to form 
the calibrant ion with an abundance approximately equal to 
that of the internal reference used for the energy scale 
calibration. 	The energy scale, so calibrated, was usually 
cross-checked against several ions, especially for those 
systems in which a substantial spread in appearance potentials 
was found. This method of internal reference served as a 
safeguard against any interactions between the sample and 
calibrant gases which may result in spurious structure. 
Interactions of this kind were found to interfere to a 
significant extent in the use of SO 2 for the calibration of 
the organic systems as a result of charge transfer reactions 
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between the 0 ion and various organic fragment ions of higher 
electron affinity. The drift tube pressure was maintained 
below 1 x lO ton and so precluded such interactions in these 
systems. 
The ions to be investigated were located with the gate 
pulses and the electron energy decreased to the dissociative 
resonance capture region of the energy scale. 	The trap 
current was switched to the regulated mode and adjusted to the 
minimum value consistent with a reasonable ion current. Beóause 
of the small trap currents employed in the regulated mode 
(-0'005 pAmp compared to 1 j.tAmp on the manual position) only 
those ions with high capture cross-sections could still be 
seen on the oscilloscope. A scan over the energy range of 
interest provided a rough idea of the signal intensity to be 
expected. 	In order to include the complete resonance peak 
for ions resulting from thermal or near thermal electron 
capture a mercury battery (2'6V) was used to bias the filament 
Opositive l with respect to the source block. 
The electron energy was set several volts below the 
first resonance and the detector sensitivity switched two 
orders of magnitude above the resonance maximum signal. 
Using a Solartron 1241620 digital voltmeter to read the 
electron energy the energy range was examined in OleV 
increments. 	The straight line, corresponding to each energy 
increment, traced out by the recorder depended on the 
sensitivity range in use, considerable background noise 
appearing in the lines during use of the 10- 12 Amp range. 
This required longer chart running times for the higher 
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sensitivities, two minutes, at a chart speed of one inch per 
minute, usually being sufficient to establish the average 
trace. 	The ranges above lO' Amp gave rise to smooth noise- 
free lines. When electrometer range changes were required, 
the ion current measured before and after the change provided 
Interoalibration of the ranges. 	In practice, it was found 
that the electrometer range multiples (x 2 and x 5) of the 
instrument were not always the most suitable for accurate 
measurement and so the gating pulse height was adjusted to 
provide further signal control. 	In order to prevent inter- 
ference between the collecting pulses this method was not 
employed during the examination of two signals in close 
proximity, i.e. separated by less than ii, a.m.u. 
The charts were analysed by averaging the trace values 
for each energy increment and measuring the height above the 
base-line followed by normalisation to the resonance peak 
maximum. A graph of the normalised ion current against 
electron energy (ionisation efficiency curve) was then 
constructed (see Figs. 37, 3.8(a) and 3.9(a)). 
Each run was repeated at least three times and more 
often in the case of noisy signals or the presence of uncertain 
structure. 
(f) Experimental.. jrocedure for relative attachment S cross-sections 
The determination of absolute attachment cross-sections 
involves the measurement of the parameters in the expression: 97 
Ii(E) 
= p.L.06 (E) 
1e 
where 11(E) is the ion current generated by single electron 
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impact, I, (E) is the current of bombarding electrons of 
energy E, p is the number density of the target gas in the 
collision region, L is the collision path length over which 
the measured ion current is collected and o 9 (E) is the 
attachment cross-section for electrons of energy E. 
The simple design and linear construction of the total 
ionization tube, first introduced by Jones 98 and used for the 
classic measurements of Smith 99 and Tate and Smith 100 on the 
inert gases, a2 , N20  021 CO, NO and Hg, has proved to be very 
successful In this field.! 	A precise knowledge of all the 
instrument dimensions, the use of accurately known magnetic 
fields to collimate the electron and ion beams and the 
location of pressure sensing devices close to the ionization 
region resulted in accurate determinations for all the 
parameters in equation (21). 	For the present study such 
determinations were neither practicable nor convenient, the 
main difficulties arising in the determination of P and L. 
The pressure and temperature conditions in the ionization 
region were not known accurately and the effect of contact 
potentials and the electron energy distribution on the helical 
path of the electrons were also unknown. However, relative 
attachment cross-sections, for which a knowledge of I e (E)s P 
and L is not required, could be satisfactorily determined from 
gas mixtures of the molecule under investigation and another 
molecule of known cross-section. 
Sulphur hexafluoride, which has a large attachment 
cross-section, was chosen as the reference due to its chemical 
inertness and the large number of cross-section determinations 
99 
reported in the literature. 	Some Of these values, and the 
methods used, for thermal electron capture by SF6 are given 
in Table 3.1. 
'fable 3.1. 
0 em. 2 	 Method 
	
163x10 5 (at max.) 	total ionisation 	(1964) 
3-6 x10-15  (average) 	Swarm beam37 (1966) 
2-6 x10-14  (average) 	Microwave101 (1966) 
—2 x lO 	(average) 	Flowing afterglow 13 (1970) 
1 4 17x 10 -14  (005eV) 	Swarm beam35 (1971) 
The value of a = 117 x 10'0m. 2 for the capture of 
thermal electrons (005eV) by SF6 reported by Ohristophorou 
at al. 	was arbitrarily selected as the standard cross- 
section and all other values were calculated relative to this 
using the expression: 
SF I}( 
= CS ?6 	
M'SF6-
... (22) 
whore crSF and am  are the cross-sections for thermal electron 
capture by SF6 and H respectively, PSF6and Pm are the partial 
pressures of SF6 and H in the mixture and I 	 and 	
are 
the respective ion currents at the resonance maxima under 
the same source conditional i.e. L and 
,The capture peak of the ion under investigation was 
compared to that for SF 6- being examined simultaneously using 
the second analog output scanner. Provided that the 
condition of coincident peak maxima was satisfied the initial 
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rough mixture of gases was replaced by a mixture of known 
composition to produce signals of approximately equal 
intensity. The gases were leaked into the spectrometer to 
a drift tube pressure not exceeding 2 x 106 torr when the 
mean free path of the molecules Is much greater than the 
instrument dimensions thus precluding anomalous effects from 
molecular interactions. With the regulated trap current 
adjusted to maintain a reasonable ion current and the electron 
energy fixed at the coincident resonance maxima, the ion 
retarder lens was switched to maximum. The resolved ion 
and neutral peaks from each parent ion were then scanned 
simultaneously with the gating pulses adjusted to the minimum 
width. The sun of the ion and neutral peak heights for each 
parent ion then gives a measure of the numbers of each parent 
ion leaving the collision chamber, I?4• and  I,, 	. 	Non-use of 
the ion-retarder lens resulted in a partial resolution of the 
two components (brought about by the discriminative 
focussing of the ion beam by the optics) so introducing a 
Source or uncertainty into such measurements. 	It has been 
assumed that equal detector sensitivity to the components in 
the mixture prevails over the mass range investigated, 
100 - 350 a.m.u. 
Although the real ion intensity is represented by the 
area enclosed by the peaks, time consuming measurements, 
carried out with a planimeter, showed only a 3% difference in 
the peak height ratios. The measurement of peak heights was 
therefore adopted. 
Repetition of this procedure for equal partial pressures 
and also for the attachment of secondary electrons, generated 
50 
at high electron energies, gave results in agreement with 
those obtained for equal signal strengths which were generally 
reproducible to within ± 25% for source pressures less than 
2 x 10 6 tori'. Variation of some cross-sections, found for 
pressures greater than 2 x 10 6torr, were presumably the 
result of charge transfer interactions in which the electron 
affinity of the molecules play a decisive role. Such cases 
are discussed in Chapter LL• 
(g) Experimental procedure for sutodetachment lifetimes. 
Average autodetachmit lifetimes were determined using 
the method first devised by Edelson at al. 2 The experimental 
arrangement adopted in this study is shown in Pig. 3.6 and 
the drift tube dimensions and the retarder lens operating 
potential given in Fig. 3.3. 
Negative parent ions, formed in the ion source as a 
result of either primary electron capture at thermal electron 
energies or secondary electron capture at high energies, are 
accelerated into the drift tube with a variable kinetic energy. 
If,duringpassage&ong the tube, some of the metastable ions 
undergo autodetachment both the remaining ions and the 
neutrals formed will continue moving at the same velocity 
and reach the detector simultaneously, so that they are 
registered as a single ion packet. 	If, however, a retarding 
potential is applied some time after the ions enter the drift 
tube then the ion packet will be slowed down and the neutrals 
will pass on unaffected. The detector will therefore respond 
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time, the time available for autodetachment, allows measure-
merit of a series of peak height ratios from which the 
average autodetaohment lifetime of the negative ion state can 
be calculated. 
The ion flight time was measured directly using an 
oscilloscope triggered on the leading edge of the ion draw-
out pulse, thus avoiding the need to estimate average 
residence time in the source. 37 The negligible time 
associated with the passage of secondary electrons through the 
multiplier, included in thin measurement, has already been 
discussed above. The point at which separation is achieved 
was taken as the centre of the retarding lens (introducing 
an uncertainty of less than 3%) and the ion drift times were 
corrected accordingly. 
The horizontal and vertical deflection plates and the 
ion lens, which would cause discriminative focussing of the 
charged part of the beam, were switched to the drift tube 
potential for all autodetachmett studies. A stray field 
contribution from the multiplier magnet assembly, bathing the 
end of the drift tube, resulted in a discriminative effect 
being manifest only for the lighter molecules, m/e c 150. 
Weak compensating magnets (100 gauss), positioned on the 
drift tube close to the multiplier, were adjusted to optimise 
the ion beam intensity at the detector although for the 
heavier molecules it was found that no detectable change in 
the ion and neutral peak height ratios was noted even when 
the compensating magnets were removed. 
After leaking the sample gas into the spectrometer, to 
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a drift tube pressure not exceeding 2 x lO ton', the 
apparatus was adjusted as described above and the resolved 
charged and neutral peaks scanned with the gating pulse on 
minimum width. 	The scans were repeated ten to twelve times, 
first with the trap current regulated at the resonance peak 
maximum then for secondary capture at 70 volts. 	This 
procedure was repeated for all the drift potentials consistent 
with adequate resolution of the peaks. 	These measurements 
revealed no discrepancies between the lifetime at zero volts 
and 70 volts. Because of increased ion intensities and 
enhanced filament lifetime, resulting from regulated trap 
current operation at high electron energies, ions of low 
capture cross-sect ion were examined exclusively at high 
energy and no additional errors are anticipated in these 
results. 
The following first order decay law was used to 
calculate the average autodetaohment lifetime (the analogy 
with the decay of unstable nuclear species is obvious): 
N0exp (-t/T5 ) 	 ........... (23) 
where; Nt  is the number of ions surviving sutodetachment 
after time t. 
N0 is the original number of ions undergoing 
acceleratio0 a nd is ecqjal 
toNt +N , where Nt is 
the number of neutrals 
formed as a result of auto-
detachment after time t. 
Ta  is the average autodetachnient lifetime. 
T a  was determined by two methods: (i) direct 
substitution of Nt° N0 = NJ + Nt° and t into equation (23) 
53 
for each drift potential used and (ii) from the reciprocal 
slope of the plot: 
N 
- vs. t 
a t 
determined after a least squares fit of the data. 	The 
value, T. (slope),, obtained from this plot, was calculated 
only in the oases for which three or tour drift potentials 
were used and resulted in complete agreement with ?k, 
obtained by direct substitution. This agreement, and the 
convergence of the straight line plots to the origin, 
Justifies the use of equation (23) and may be taken to indicate 
that the possible Sources of error listed below were not 
significant in this study:- 
(I) Electron detachment by the grids in the path of the 
ion beam. 	Compton at al. have shown this to be 
negligible in similar spectrometers. 
(ii)Spontaneous or colliSon-induced dissociation of the 
parent negative ions in the drift tube should be 
negligible. No evidence for spontaneous dissociation 
of the long-lived negative ions, manifest as fragment 
peaks slightly displaced from the parent ion peak, was 
round in this study; collisional stabilisation is too 
infrequent at the drift tube pressures used 
(c 2 x 10 6 ton) to affect measurements. 
(iii)Cpllisional detachment and charge transfer in the drift 
tube should be negligible. These processes were pre- 
eluded by the use of low pressures, however, experiments 
with SF6 indicated the increasing significance of 
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collisional detachment for drift tube pressures above 
1 x lO ton. This resulted in a decrease in the 
lifetime of 6'  e.g. T
5 = 68 ssec. for P = 2 x 10- 6 
tort' and Ta = 60 psec. for P = 5 
x 10 tori'. 
(iv) The detector sensitivity to charged and neutral 
particles of the same kinetic energy should be equal. 
This is partially fulfilled through single-pulse 
counting toobniques. 37  Agreement between T  and 
Ta(slope)s calculated over the drift potential range 
2 - l KY, indicates that attractive or repulsive 
effects operating on the ion beam as it approaches the 
target or a contribution from the extra electron to the 
secondary electron current are negligible in this study. 
With the exception of those ions for which isotope 
effects or low molecular weight restricted resolution to one 
drift tube potential or were of exceptionally low cross-
section, the autodetaobment lifetimes were reproducible to 
better than ± 10%. 
(b) Data ørocesslng and energy scale calibration 
Electron beams generated from heated filaments possess 
a Maxwell-Boltzmann distribution of energies of 1 to 2eV. 
Consequently, when such a beam is used to ionise a gas, the 
appearance potentials become smeared out and any fine 
structure in the ionisation efficiency curves is obscured. 
Early attempts to resolve this problem met with limited 
success but fine structure in the ionisation curves of some 
positive ions was observed. Nottingham, 38 using a magnetic 
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selector observed tine structure in the ionisation efficiency 
curves of agt Sugda and Price39 employed a photo- 
electron beam in the study of a group of ald.hydes and ketones 
and ClsrkJ 0 obtained a beam spread of 02ev using a 1270 
electrostatic selector enabling fine structure in the curves 
of N4 and N from nitrogen to be observed. 
Two types of velocity selectors have received attention 
in recent years. Parallel-plate selectors, of the type used 
by Hutobison $ 41  suffer from poor transmission which, although 
tolerable for positive ion investigations, is unsuitable for 
negative ion studios.. The 1270  electrostatic selector, 
however, was improved by Marmet and Kerwin who obtained a 
beam of 10 Amp with an energy spread of 0'02eV. This 
selector was successfully applied by )faruot and I4orrison 3 
and the difficulties they experienced have now been largely 
overcome in the advanced design of Brion at 81. 44  
The most widely employed method is the Retarding 
Potential Difference (R.P.D.) technique of Fox at &l.45 In 
this, an extra slit, the retarding electrode, is added to the 
conventional electron gun and is biased sli&ltly negative 
(-05eV) with respect to the filament resulting in a sharp, 
low energy cut-oft in the beam profile. This bias is then 
increased by a small amount AV (typically o ei,V), resulting 
An the removal of a further energy slice of width W. The 
resulting change in ion current al l, which occurs when AV is 
applied, is then attributed to the band of electrons 
homogeneous in energy to within AVeV. 
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Significant improvements by abutter and S chif f'té and 
later by Stockdabe, Compton and Reinhardt 7 have removed the 
tedium from R.P.D. operation. 	Stoekdale et al) 7 applied a 
modulated voltage to the retarder slit and the current of mass 
identified ions was de-modulated using a lock-in amplifier 
allowing a continuous recording of difference ion current as 
a function of electron energy with an energy resolution of 
-0 1eV 
Although the R.P.D. approach provides a simple method 
for obtaining a quasi-monoenergetic electron source frequent 
ambiguities arise in data interpretation. Narmet 8 has 
pointed out that, once past the retarder slit, the sharp 
energy cut-off in the electron beam may undergo complete or 
partial relaxation as a result of space charge effects. 	The 
ionisation efficiency curves would than be compounded of the 
true curve plus some unknown fraction of its derivative. 
Anomalous effects, including negative difference currents, 
first reported by Fox et al., 45 non-linear variation of ion 
signal with electron energy and spurious maxima in ionization 
efficiency curves noted by Frost and McDowell)49 ' 50  and 
resonance focussing described by Simpson, 51 have all been 
attributed to maladjusted source potentials and poor magnet 
alignment. These anomalies are discussed by Gordon, 
Eaarhoff and Krige 52 in terms of & theoretical model developed 
for the R.P.D. gun. They conclude that the basic capabilities 
of the R.P.D. technique have been exceeded in the past and 
suggest a modified technique for tuning an R.P.D. gun for 
optimum operation. 
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Despite the modifications Introduced, R.P.D. still 
requires long and careful adjustment to the ion source and 
suffers from a low signal to noise ratio that imposes a limit 
on the negative ion studies which can be reasonably under-
taken. 
Another approach has been the use of analytical methods 
to remove or reduce the energy spread of the beam. Morrison, 53 
who applied this technique to positive ion formation showed, 
from tests on several artificial examples and two actual cases, 
that the method was promising and suggested structure In the 
ionisation efficiency curves of the Inert gases and oxygen. 
Morrison considered two methods for the deconvolut ion 
operation each possessing some advantages and disadvantages. 
The first method which used the iterative equations of 
van-Cittert, 102 results in a rapid convergence to the correct 
solution but is unsatisfactory when the initial function, 
i(Y), contains regions of uniform amplitude or the solution, 
I(EJ contains abrupt changes in level. 	The second method, 
using Fourier transforms, can result in unpredictable noise 
amplification which does not influence the entire curve to 
the same extent. 	In both oases iterative smoothing of the 
original function was found to be essential to the recovery 
of quantitative data, 
loup and Thomas 5 investigated the relative merits of 
these two methods and found the iterative (Morrison - van-
Cittert) method preferable for the analysis of data which may 
be noisy and for the cases in which the position of the 
function on the energy axis is required. The Fourier method 
M. 
proved particularly suitable to the treatment of very smooth 
data but single stage unfolding was found to result in a 
sudden, disastrous increase in the noise level. Deconvolution 
by the iterative method is accompanied by a gradual build up 
of noise with each successive step, termination before the 
noise becomes restrictive is then possible. 	Similar 
conclusions as to the superiority of the iterative approach 
over Fourier transforms had been arrived at in the course of 
the unfolding of negative ion data by MacNeil and Thynne. 
These authors55 carried out exhaustive tests on the 
reliability of this method using both artificially constructed 
functions and real systems. Besides an accurate recovery of 
appearance potentials, resonance peak maxima and peak widths 
they also found that the amount of random noise which could be 
introduced into the artificial systems without an adverse 
effect or data recovery far exceeded that expected in data 
acquisition. 
This method of data analysis was used exclusively in 
this work, the computer programmes written by MacNeil 3 
being used to perform the iterative smoothing and 
deconvolution procedures. A summary of the Morrison - 
van-Cittert method as applied in this study in as follows:- 
Thermionically emitted electrons possess an energy 
distribution such that the probability of an electron having 
an energy in the range U to U + aU is given by n(U), whore: 
m(U)AU = 1 ........... (210 
U=o 
Before impact the electrons are accelerated by a 
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potential difference V, and emerge from the electron gun 
with an energy E, where E = U + V. If the probability for 
the formation of  particular ion by an electron of energy S 
is a function of E. namely 1(E), then the probability for 
formation of the ion by a beam of electrons or nominal energy 
V 3 is 1(V) where: 
1(v) 	t I(V+U) m(U)AU ...... (25) 
11=0 
The experimental procedure is to sample the ion current 
1(V) at equal intervals or V and to find the corresponding 
values of I(E), which satiety equation (zd). 
When the electron energy distribution m(U) is known at 
the same intervals of energy, and 1(v) and m(U) are bounded 
by zero at the upper and lower ends of the energy range, it 
Is possible to obtain unique solutions for I(S) at comparable 
intervals in E. 
The method of van-Cittert is used for this solution: 
I(E)oalc(n+l)=I(E)calc(n)+i(V)E I(E)0510 n in(U) AU. .(26) 
Uno 
where the set of iterative equations tends to 1(E) as u 
increases. 
This method takes a trial function for I(S), convolutes 
with the electron energy, distribution and compares the 
results with the original4t(V). 	The difference is then used 
as a correction to the trial functions and the procedure is 
repeated. The original trial function used is the set of 
1(V) itself, i.e. when n = 0, 
I(E) al() = 1(v) 
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However, if this process is applied to actual 
experimental data, the solution obtained for I(E) is almost 
so obscured by noise as to be effectively useless. Smoothing 
of the original data is necessary before the deconvolution 
operation may be performed. The following iterative process 
removes the random scatter very effectively: 
t(V)calc(l) = S i(V) 0 	m(U)AU.. 
11=0 
i(V) 1 = i(V,) + 	 .... (27) 
In addition, it at any stage in these operations (26) 
and (27), I(E) goes negative thea it may be set equal to zero. 
Empirical testing of the number of smoothing and unfolding 
operations needed to obtain good quality data showed that 
15 amootbing and 20 unfolding iterations enabled sat isfacory 
recovery of appearance potentials, resonance peak maxima and 
peak widths to be made from the basic experimental data. 
The uncertainty in the determination of the onset of 
ionisation caused by the 'smearing' effect of the electron 
energy distribution has been largely removed by the decon-
volution technique described. However, the electron energy 
scale must be reliably established before accurate appearance 
potential data can be obtained. 	The ideal situation of a 
field-free ionisation region is impossible to realize in 
practice. 	Contact potentials and electric field penetration 
into the source region results in a discrepancy between the 
electron beam energy displayed on the voltmeter and the real 
energy of the beam. Accordingly, the energy scale was 
calibrated using ions with known appearance potentials. 
rn 
Three separate calibrants were used to establish the 
energy scale for negative ion studies; 
SF6 , the 0 ion from 302  and the 0 ion 
positive ion data were calibrated using 
determined appearance potential for 
CO/CO(14yOleV). 23 
the 3F6 ion from 
from CO. The 
the spectroscopically 
rgcn15 (1576eV) or 
Sulphur hexafluoride has been the subject of many mass 
spectrometric investigations .flóhl3 Ufing the R.P.D. 
technique, with the energy scale calibrated by electron 
retarding curves, Hickham and Fox, 9 and later Pox and Curran, 11 
showed the 3F6 ion to onset at zero energy and the 3F 6 peak 
profile to reflect the electron energy distribution. 	Later 
work by Stamatovic and Scbulz 3 has shown that the SP 6 
resonance width still reflects the electron energy distribution 
for a velocity selected electron beam of 002eV width. 
The resonance threshold at OOeV for SP  ion formation311 
was taken as an energy scale reference point in this work and the 
electron attachment cross-section profile b reversed on the 
energy scale, provided the electron energy distribution used 
in the deconvolution procedure. The direct and deconvoluted 
3D'6 capture peak observed with this instrument are shown 
together in Fig. 3.7.  The unfolded curve shows an onsets 
at 00eV (calibration point), a peak width of 04eV at half 
height and a base line width of 08eV. 
Schulz61' has remarked that the energy scale established 
with SP may, under certain conditions, be erroneous. 
Alinearity of the potential distribution along the path of 
the electron beam (from contact potentials or field 
SF-' 
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penetration from the ion drawout grids) can result in 
acceleration of the beam through the collision region. SF6 
is then formed at the edges of the chamber where electrons 
of effectively zero energy are to be found. However, as 
the electrons possess energies greater than zero for most 
of their flight the energy scale so calibrated would be in 
error. 	Field penetration into the collision region was 
minimised for the work described in this thesis by operating 
the trap anode and the first ion drawout grid at close to 
zero bias. Despite similar precautions, Christophcrou et 
al., 62 have found a further energy correction necessary in 
order to correlate swarm-beam data with that obtained in 
electron beam experiments, where the energy scale was 
calibrated against the 	ion. 	£his uncertainty must 
therefore be taken into account when assessing the reliability 
of data calibrated with the 8F ion. 
The O ion from SOV  onsetting at 1v2 and 66eV'
6 
and the 0 - ion from CO. onsetting at 96eV246 were used to 
calibrate the scale at higher energies. The direct and 
deconvoluted ionisation efficiency curves for these ions are 
shown in Pigs. 3.8 and 3.9 respectively. 	Table 3.2 compares 
the deconvoluted 01(302 data obtained in this study with 
that obtained by Kraus 63 using a retarded energy distribution 
from an R.P.D. gun and an energy scale calibrated by 
electron retarding curves. 
Table 3.2. 	07802 
63 
This work 	Kraus 63  
Appearance Potential (eV) 
Peak Maximum (eV) 
Appearance Potential (eV) 
Peak Maximum (eV) 
4•2(calibrant) 	4-2  
4 - 9 ± 01 	47 ± 0'1 
66 ± O'l 66 
7'7 ± o'l 80 
Similar agreement is also round for the peak parameters 
taken from the 07C0 deconvoluted curve shown In Fig. 3.9(b) 
and those reported by Chantry2 using R.P.D. and an energy 
scale calibrated against the appearance potential of the 
ion from CO at lLvOeV. 	It is apparent that any change 
in the electron energy distribution as the filament temperature 
changes over the energy range of interest has negligible 
effect on the operation of the unfolding procedure and on 
the accuracy of the results so obtained. 
The O ion from Co was shown by Chantry to exhibit a 
very sharp onset, probably vertical, occurring at the 
theoretical threshold energy of 9'62eV for the process 
CO + e -, O + C( 3P). 	A second peak, corresponding to 
formation of the carbon atom fragment in the 
I  D state, 
CO + e—O + C*('D), was also found at the theoretically 
predicted threshold of 1088ev. This second peak is only 
partially resolved in Fig. 3.9(b). 	For the purpose of 
calibration In this work it was assumed that the 0/C0 cross-
section behaves as a step function between threshold and 
maximum. The true threshold for the process, taken as the 
64 
point of maximum gradient on the onset edge of the 
experimental peak, was then set equal to 9'6eV. 
(1) Materials 
With the exception of the substances listed separately 
below all of the materials employed in this work were 
supplied by the following firms and generally used without 
further purification: -  
Air Products, Stoke-on-Trent. 
British Drug Houses, Poole. 
Cambrian Chemicals Ltd., London. 
IC & K Laboratories Inc., Plainview, NY, U.S.A. 
Pierce Chemical Company, Illinois, U.S.A. 
SF5 C1; supplied as a gift by Dr. H.L. Roberta of I.C.I. 
(Mond Division). 
Mass spectrometric analysis indicated the presence 
of only a trace (< 01%) of SF6* 
CF3ORO, 02F5CR0 and 0P3000F 3 ; supplied by K & K Laboratories 
Inc. as the hydrates were dehydrated over a P 205,4123% 
paste at 8000 and the impurities,. CF JE, 02P6 and CO2J 
roved by prolonged pumping on a vacuum line at _13000. 
GeF; this was prepared in the department by Dr. S. Cradock 
by heating barium hexatluorogerminate to 60000 on a 
vacuum line. Infra-red analysis of the distilled 
germanium tetrarluoride revealed no traces of impurity. 
PF2CN, PF2NCO and PF2NCS were prepared in the department by 
Dr. D. Rankine by the following method; 
over solid 
PF2Br(gas) AgXat 3000K' PF2X condensed at -96 0 C 
where X = ON, 1400 or NOS. The product PP2X is trapped 
out at -96°C, the trnreacted PF2Br passing straight through 
the trap. 	Distillation of the product followed by infra- 
red analysis, immediately after preparation and periodically 
during the work reported in Chapter 6, showed no traces or 
impurity in ?F2 ON or PF2NcS. The PP2NCO samples, however, 
were found to oxidise to ?F20PF2 on prolonged standing at 
room temperature and so several samples were used in the 
course of the work reported in Chapter 6. 
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AUTODEZ2ACH}1NT LIPEE IDES • ATTACHMENT CROSS-SECTIONS 
AND ELECTRON APPINITIES 
The methods used in the measurement of autodetachment 
lifetimes and attachment cross-sections have already been 
discussed in Chapter 3 and the calculation of electron 
affinities in Chapter 2. 	In this chapter the results will 
be presented and discussed in four sections: (a) fluoro-
carbons, (b) nitrobenzenes, (a) inorganic and miscellaneous 
molecules and (d) the electron affinity calculations. 
It will be of value, before presentation of the 
results, to review briefly the energy dependence of formation 
and the cross-section profiles found for the molecular negative 
ions Investigated during the course of this work. 	The 5F6 
ion is known to peak at an electron energy less than 003eV 84 
and the experimental width of the resonance has been found 
to reflect the energy distribution of the electron beam for 
a velocity selected beam of O 32eV width. 3 	The use, in this 
work, of a therinionically generated electron beam with a 
width of '-1eV therefore determined the width of the 
capture peak and the reflection 	the 5P6 capture peak 
observed on the energy scale provided a measure of the 
electron energy distribution used in the deconvolution 
procedure. 
The energy dependence of all the molecular negative ion 
capture cross-sections, with the possible exception of 
C6F11 .CF
3-
1 were found to be closely equivalent to that of 
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3F6 . This similarity is apparent from the following 
examples; SF  Fig. 5.1, %F6(0P3)2  Fig. 7.9, 0F300CF3 
Fig. 6.6 and 0F30F = CFCFj and 06F11 .cF
3- 
 shown in Fig. 4.1. 
Two previous investigations 84 ' 6 have indicated that the 
capture peak width is greater than that of 
a width of —027eV being reported by Neff et al. 8.5  using 
an R.R.D. source with an electron beam width of —OleV. 
This being the case then the apparent small difference in 
the cross-section profile observed in this study (Fig. 4.1) 
may be instrumental, the measurement of ionisation efficiency 
curves around the zero of electron energy being thwart with 
many experimental difficulties. 
It may therefore be concluded that, for the molecules 
investigated, the capture cross-sections attain their maximum 
values at <0'5 ± O'leV with a threshold at 0eV and a width 
not exceeding that of the electron energy distribution. 
(a) Fluorocarbons 
Evidence for the existence of long-lived negative ion 
states in fluorocarbons was first presented by Rajbenbach 104 
based on a rad.iolysis study of c-C4F6, 06F6, CF12 and 
C6F11 CF3 in which electron scavenging was found to take 
place. Naff et al. 85 measured the energy dependence for 
electron attachment and the autodetachmuzt lifetimes (T 5 ) of 
the molecular negative ions formed by eight fluorocarbons. 
These results are compared to those measured in this study 
for the same group of fluorocarbons in Table 4.1. 
ATTACHMENtT CROSS- SECrIONJ PROlL-E FO 
C*Fs At4t cr1 cr3 RUM \NITH 
-Z 	 -( 	 0 	 2 	 3 
UNCORRECTCD ELECTRON ENERGY (cv) 
Els 4.1 
Table 4. 1. 
Fluorocarbon 	 T 5 iisec. 
Molecule  
Neff at a1. 5 This work 
o-%F6 69 112 
O-C 4F8 12 lt.7 
50 262 




0-0 6P10 120 
106 
C 6P12 	 150 	 236 
C6?11 C1 3 	799 	 757 
Although there is general agreement between the two 
sets of data a more detailed examination, in the light of 
the extended study presented in this section, shows that the 
large increase in the stability of the molecular negative ion 
Incurred by the introduction of fluorinated substituents is 
not prevalent in Weft's data. Phase differences will become 
more apparent later in this section when all the fluorocarbon 
data obtained in this study are discussed. 
A semi-theoretical model has been proposed by Compton 
at al., 37 which, after evaluation of the density of 
vibrational states , 88  provides the following expression for 
T, the autodetachment lifetime; 
2T( 3 	[s + (1 - 3)E 1N-1 
	
P 	= 	22 . 	.' 	
. 	z 	 I 





On the assumption that a (the attachment cross-section), 
and the electron affinity, the dominant parameter in the term 
contained in square brackets, do not vary greatly for these 
molecules and that the attaching velocity, v, is essentially 
that of a thermal electron (-10 70m./sec.) in each case, 
equation (13) predicts an approximately linear dependence of 
lnT5 on N, the number of vibrational degrees of freedom in 
the ion (molecule). 
lnP 9 , the average value for the autodetacbment lifetime, 
is plotted against N for Naff's data in Fig. 4.2 and from the 
data obtained in this study in Fig. 4.3. 	From these figures 
it is apparent that an approximately straight line plot is 
obtained. 	Taking the regression line of InTV a  on N, the 
linear correlation co-efficient r, was calculated from the 
following expression: 
fltNlflTa - tNElnT 
r = [nE(lnTa)2 - (TlnT9)2)4(nrN2 - (flfl2] 	
(28) * .......  
where n is the number of data points. This gave a value of 
091 for the results of Naff atal- 85 compared with a value 
of 098 for the same compounds studied in this work 
(r = ±1 for perfect correlation). Nate at 	by taking 
the OF  side chain in 06F  OF  and 06?11 CF3 as single atom 
groups reduced the number of active vibrational modes to 
30 and 48 respectively yielding a better correlation of all 
points (Fig. 14.2). 	It can be seen from Fig. 4.3 that such 
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the substitution of larger and smaller cyclic and linear 
molecules that correlation is maintained without such an 
assumption. 
The purpose of this investigation was to determine the 
effect of substitution on the stability of the molecular 
negative ion state and to seek correlation of the data with 
the theory proposed by Compton et al) 7 The data in 
Table 4.1 show the effect of -CF 3 substitution upon the life-
times of molecule-ions b i.e. evident from a comparison of the 
lifetimes of 06F6 (13'3 p300.) and 06F5 CF3(37'6 t.ssec.) and 
similarly for C 6F12 (236 pace.) and C6F11 CF3 (757 Issec.). 
The increased stability accompanying substitution is to be 
expected from a consideration of the increased density of 
states made available by such substitution and the nature 
of the substituents, which,belng fully fluorinated in these 
instanoes,have high electron affinities. 
The fluorocarbon data obtained during the course of this 
work is given in Table 4.2  together with the attachment cross-
sections, measured relative to that of SP 0117 x 
and the number of vibrational degrees of freedom available 
to each ion. With the exception of 0 3F6- , C3F7ON - 
 and 
C6F11 CF3 
 all lifetime results were reproducible to better 
than +10%, all cross-section results being reproducible to 
within ±25%. 
The C3?6 ion was detected at high electron energies 
(lOdeV) but was of very low cross-section which precluded a 
detailed investigation. 	A lower limit of 2 psec. was there- 
fore imposed on the lifetime, this being equivalent to the 
TABLE 4.2- t. AND C FOR FLUOROCARBONS 
FLU0R0cAtBOP4
(AS- 	) 
-F,F-OR VARIOUS ION ENEG-IES 
T0. 	saC, a; C,n 
1-0KV 2-5KV 3-0KV 3.5KV 
CaFG >2. - 21 
c3 r7 cN IS- G -. - - 18-6 - 30 
Ct%Fr0 [-a--] (G-4 I&0 I4- - 	
/ 6-3 I0 24- 
112. ((-7 (0-8 11-2 1-0x10 " . 24 
Ilo-q ltl.q 108-3 - 110-4 2-8 x 10
_114. 
o+rg [iw] 30-7 2q -a SI-7 - 30-a I - Ox to 30 
c-Cq-Ps sS-I 1'3-3 5.) 15-I t4-7 I -sw I() -,G 30 
n- CL;-Plo (2-4 1310 - - (2-7 - 
36 
C5FZ 	[0] 25-4- 26-5 26-8 26-2 6- 8x io- 33 
I,. 32-6 35-S 34-3 - 34-3 l-R 
Y 	!O 45 
CGFG - 130 14-0 13-3 4_L4_'I 	tO 30 
CFo 	[01 107-2 04-6 - - ios.q i - a )c 	10-U-i- 4-2 
- CFj2 236-5 21-7- G 255-4 - 236-5 - 48 
,,. CeFu4- - q-a qi-s qa-q 40 
514- 
CF5CN 47-3 4q .2 - - 46-2. 9.-tx 
10_ 15 33 
cFs CF3 40-0 38-6 4I-4 - 40-0 2.e 	lo- '
s 3q  
pC6F4(C173)2 425d 4836 441.5 450-0 N 0 	lO 
CGPLICF3 501 371 902. 751 50 '< I0- 
• 	CFijCaF5 I 	I0 -"4- 66 
64Y jQ-14- 66 
GG 
pero(crz)a 7-6x I0 66 
C-7 Fi- [4w] - 230-0 -227-0 226.q 22q.0 (-8 	o-" 57 
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ion residence time in the source prior to drawout. 	The 
03F7ON- ion, also of low cross-section, could only be 
successfully resolved for one drift tube potential but the 
value measured for P 9 was reproducible. The long lifetime 
of the 06F11 CFj ion resulted in a very small neutral peak 
which was partially immersed in the background noise for 
the 2KV drift potential measurement. T was determined over 
all three values but it is probable that the measurement at 
2KVis low. 
The pert luoro di-metbyl substituted cyclohexanes and 
perfluoro p-ethyl •cyclohexane are shown in Table 4k2 with an 
approximate lifetime of 5 milliseconds. 	In all these oases 
the neutral peak was so small in comparison with the ion peak 
that measurements could not be made accurately over the 
limited energy range consistent with resolution. In order 
to accommodate the molecular negative ions on the time scale 
at the lower drift potentials (2,25IW) the operating 
frequency of the spectrometer was reduced to 1OMz with a 
corresponding reduction in ion current and signal to noise 
ratio, both adversely affecting measurement of the neutral 
component. The weight of several determinations over a 
period of months, however, favoured a value of —5 milli- 
seconds for these species. 	These results lie on the line 
extrapolated through the data plotted in Fig. 4.5. 
The average autodetachment lifetime values shown in 
Tables L.l and 4. 2  are those averaged over the individual 
drift tube potentials for which measurements were practicable. 
A further method of determining the average value is from 
72 
the reciprocal slope of the plot, in No/tit 	against t, 
where N00 the number of molecular negative ions initially 
entering the drift tube, is equal to Nt + Nt° where N Jis 
the number of ions surviving autodetachinent after time t 
and Nt° is the number of neutral molecules formed after time 
t. 	A series of such plots is shown in Fig. 14.4 where the 
straight lines indicate least squares fits to the data points. 
Extrapolation of these lines through the origin validates 
the use of a first order exponential decay law for the treatment 
of autodetachment. 	A comparison of T a  and P(sioPe) is made 
in Table 14.3. 
Table 14.3. 







O-05F5 262 19'2 
n-05Fla  31v3 26'3 
06F6 133 119 
06F5 OF 3 140-0 330 
C6F (OF 3 ) 2  450 390 
The results obtained by the two methods are in good accord 
and would probably show closer correlation with an increase 
in the number of data points, only 3 or  4 being possible for 
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Fig. 4.5 shows * plot of ln against N for the 
molecules presented in Table 4.2 (with the exception of 
C3?6 and the cyclohexanea). 	The correlation, r = 092, is 
not as good as that found for the structurally similar species 
plotted in Fig. 4.3 (r = 096) which is not surprising 
considering Fig. 4.3 includes the nitriles, C 3F7CN and C 6P5CN, 
and that the capture cross-aectiOn8, assumed similar, varj 
over two orders of magnitude (Table 4.2). The normal 
perfluorooarbons, marked (x) in Fig. 4.5., have similar cross-
sections and probably not too dissimilar electron affinities #  
the correlation co-efficient for these data points being 0' 99. 
The corresponding value for the cyclic molecules (including 
C6 P5
and for the linear molecules (including C 3F70N) is 
0'93 and 092 respectively. 
The following groups of molecules are of particular 
interest: 
(I) 	 Molecule T. ssec. N 
CF3O E 00F3 16'3 24 
C73CF = CFCF3 306 30 
CF3C?2 - CFOF3 12'7 36 
CF3CF2 01P2CF2CF3 3463 45 
CF3CF2 CF2CF2CF2CF3 939 54 
The increase in the autodetachment lifetime with 
increasing N is in agreement with the predictions of the 
statistical model proposed by Compton at al. 37 It is also 
apparent from the above table that the degree of unsaturat ion 
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lifetime) of the molecular negative ion state and from the 
above observations and from the detection of 0 3 F and 
03F70N but the failure to detect a long lived C 3 F8_ion, 
it is evident that for the smaller molecules the presence 
of multiple bonding has a more profound influence on the 
stability of the molecular negative ion than does. N e.g. 
the presence of the triple bond in C4P62  results in a life-
time of 16 psec. for only 24 degrees of freedom compared to 
the lifetime of 13 psec. for the corresponding saturated 
fluorocarbon with an extra 12 degrees of freedom. A similar 
comparison may be made between %8' where N = 30, and 
05F12 , where N = 45. 
















In these cases the stability of the molecular negative 
ion is reduced by the introduction of a double bond 
(unsaturation) into the ping. 	This effect may be the 
consequence of the extra rigidity (increased ring stain) 
imposed upon the structure by unsaturation. It is therefore 
apparent that substitution exerts two opposing influences on 
the stability of pertluorocarbon molecular negative ions 
75 
(1) an increase due to a lowering of the energy of the 
unoccupied molecular orbitals 112 accessible to the captured 
electron and (ii) a decrease resulting from a decrease in 
the number of vibrational degrees of freedom over which the 
excess energy associated with capture (incident electron 
kinetic energy plus molecular electron affinity) may be 
distributed. 	The latter effect appears to predominate for 
the ring structures and the former for the aliphatic molecules. 
The substitution of electronegative side chains into 
these small ring compounds is found to have a profound effect 
on the stability of the molecular negative ion state and the 
large increase in P8 with substitution, illustrated by the 
examples in the table below, correlate with the corresponding 
increase in N. 
Molecule 	- T. 11800* N 
ll'2 214 
14'7 30 
0C14F6(CF3)2 110 '4  148 
0676 13'3 30 
C6 F5 0F3 140'0 39 
C&Ps ON 1482 33 
p. 06F14(CF3 ) 2 1450'0 48 
06F12 . 	 236'5 148 
CF3 757 57 
06PIO (CR  3)2 —5000 66 
1l'2 24 




The effect of substitution and of increasing ring size 
on the autodetaohment lifetime is seen to correlate with N 
from the examples presented. 	However, the effect of 0F3 
substitution and ON substitution into the perfluorobenzene 
ring is of particular interest. The enhanced stability 
incurred by nthtrile substitution, which exceeds that 
anticipated from a consideration of N alone, is due to the 
conjugation of the nitrile group with the benzene ring thereby 
providing an extra vacant low-lying n-electronic orbital. 12 
The effect of nitrile substitution was also illustrated above 
by the detection of a long-lived O 3F7ON- ion but not of a 
ion. 
From the plot of lnaa  against N shown in Fig. 4.6. it is 
apparent that the correlation is not as good as that found 
from the plots, of lnT against N. 	This is not surprising in 
view of the spread in the autodetachment lifetimes of the 
ions plotted in Fig. 4.6, e.g. c-%F6(11'2 lAsso.) and 
06P11 OF  (757 psec.),.almost three orders of magnitude. 
A further plot in Fig. 4.7 shows ln' 5 ri 5 against N. 	Again 
the correlation is not particularly good possibly reflecting 
an appreciable spread in the electron affinities for these 
molecules. 	Evidence supporting such a variation in E 
came to light during the measurement of attachment cross-
sections at various drift tube pressures. The following 
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Molecule Pressure range (torr) CT acm.
2 
n.C6F1 7 x 10 	) WO x  10- 15 
25x10 ) )3"7x10 
-15 
6 x lo 	) )2'8 x 10-14 
1 x 10 	) )32 x iO 
o-C6F10 (CF3 ) 2 B x 10- 	) )64 x 10_14 
2 x .5 10 	) )il'o x lO' 14 
p-C6?10 (CF3 ) 2 LL x iO' ' 	) )7'8 x 10
-14  
2 x 10 	) )1161 x 10 -14  
Conclusions regarding the electron affinities of these 
molecules (relative to that of SF 6 = 143eV, SF6 being the 
second component in the gas mixture) can be drawn from these 
studies i.e. n-C6F1  and CF6 (OF 3 ) 2 must have similar electron 
affinities to that of SF6 whilst the opposite is true for 
ortho and para-06?10 (OF 3 ) 2 where preferential electron 
transfer from SF6 was found with increasing collision frequency 
in the source, 
i.e. SF 6- + C6F10 (OF 3 ) 2 -, 06 F10 (0F3 ) 2 
+ SF 6' 
A similar investigation using mixtures of S?6 with 05P'5  OF 31
Co?u (OF  3)2  and %F6 indicated that the measured attachment 
cross-sections were independent of pressure and hence that 
the electron affinity of each of these molecules is similar 
to that of SF6. 	Mixtures of SF6 with 06F11 .12F5 and 
m-C6 Flo  (OF 3 ) 2 however, showed a rapid increase in fluorocarbon 
cross-section with source pressure indicating larger electron 
affinities than SF6. 
The observation that some fluorocarbons exhibit both long 
78 
lifetimes (up to 5 m.sec.) and large capture cross-sections 
(up to 8 x 10 11 cm. 2 ) may be of some significance in the 
development of less expensive and more efficient substitutes 
for SF6 (Ta = 07 m.sec., a s = 1 z io) in the Insulation of 
high voltage power transmission lines and switches. 	Until 
large scale tests can be carried out on the conductivity of 
the decomposition products which may result from a violent 
discharge in such fluorocarbon gases, the possibilities remain 
speculative. 	However, it is highly probable that such 
products, if formed to any large extent ) would be non-
conducting polymers of the teflon variety. The limiting 
factor in such an application would ultimately be the 
volatility of the fluorocarbon in relation to its cost and 
efficiency relative to that of SF 6 . 
(b) Nitrobenzenes 
The nitrobenzene molecular negative ion was amongst the 
first long-lived species to be investigated, a lifetime of 
40 	being reported. 	In an attempt to examine the 
effect of substitution on the stability of the molecular 
negative ion, nitrobenzene and the derivatives shown In 
Table 4.4 were investigated. 
In all cases the capture cross-sections were so low as 
to preclAde accurate measurements at the resonance peak 
energy ('-0ev for all molecules) and all measurements were 
made using the high energy secondary electron capture method 
(Chapter 3). 	The interference of the (14-l) ion (where H 
is the molecular weight of the molecule) formed at high 
energies was overcome by reversal of the retarder lens bias 
TABLE 4..4 	T0. FOR NITR0BaP4ZEN45 
MOLECUL_C 
(As-°) 







2.0KV 2.5KV 3.0KV 3. 5,K,/ 
CHsN0 4G - 4 45-3 48-2 - t-8- - C 4-3 34 
 2-9 St-I - - 30-5 3-4 45 
cHt+(o-13)r-I0 24-S 21-6 2I-7 - 22-8 42 45 
2,3_(CHS)1CCaH3NO2 20-2 21-7 22-0 199 21-0 4-3 54 
2,4- (CP3)aC--"3NQt.L 2%-S 2%-'+ 2-2 20-4 2-1.1 Li--S 54- 
2,6-(043)aCH31,10z IG-S 19-4- 154 - lB_i 3-9 54 
CH4(C,H5)NO2 2G9 28-7 31-0 - 28-8 4-9 54 
4-F,o-CH3(a43)NO2 22-9 20-2 19-C - 20-7 2-5 45 
2,4(F)aCO4at'40a 44-0 477 4Cr1 - 44-4 3-5 34 
2,5(F>HS0a 4-7-5 44-2 445 - 
TABLE 4.5 it Ar4b O  FOR HORGANIC ANM, Mi5cELLAr4E0US MOLECULES 
MOLECULE Th./45Lc.  FOR VARIOUS I0N ENER&IES Tyisac. 
4-0 K\/  
N 
2-0KV 2.5KV 3-0KV 3-5 KY 
sr 14-0 IC-S - - - 4-2 hI )c IO-0 2, 
SFG 47-2- (7-2 70-0 - - (:i7%Io) in 
24-4 32-2 - - 28-4 - 15 
>2 9 
>2 - 9 
F2CN - 9 
4-4- - 30 
CCF1N0 G(Otht0O GsOtSC - - - C50I00 - 24 
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thus achieving separation of the ion and neutral components 
through the preferential acceleration of the ion beam instead 
of the retardation procedure used in the work described in 
section (a). 	In this way the (M- 1)_ ion did not overlap 
the neutral component on operation of the retarder lens but 
was similarly accelerated to arrive at the detector before 
}C, which arrives before H neutral. 
It Is apparent from table 14.4 that the dependence of 
in T5 upon N o which was found for the perfiucrocarbon study, 
Is not observed for these nitrocotopounds e.g. 8 (c61'5NO2 ) = 
148'6 peso. for N = 36 whilst P8 (2,3-(0H3 ) 2 06H3NO2 ) = 
210 puec. when •N = 54. 	It can be seen from Table 14.4 that 
the introduction of a methyl group (electron donating 
substituent) into the benzene ring reduces the stability of 
the molecular ion and that the introduction of * second such 
group reinforces this effect. Although not Immediately 
apparent these observations are consistent with the factors 
which were found to influence the stability of the fluoro-
carbon molecular negative ions. The electro-negative nitro 
group has the effect of depleting the charge density in the 
benzene ring and consequently of lowering the energy of the 
two lowest (degenerate) unoccupied n-electronic orbitals which 
are involved in negative ion formation. The unoccupied 
p-orbitals 6f the nitro group serve to extend the conjugation 
and so provide an additional vacant low-lying u-electronic 
orbita1106 ' 2 which will be strongly influenced by the 
addition of electropositive substituents into the benzene ring. 
Such groups will serve to replenish electron density and to 
offset the influence of the nitro group. 
The influence of substituents on the benzene ring is 
partially reflected in the electriodipole moments of the 
molecules which have been calculated for Table 144 from group 
contributions? 05 It would however, be erroneous to 
associate the dipole moment with the stability of the 
molecular negative ion as the values given in Table 14.4 make 
no account of the mesomeric effect characteristic of halogen 
aubstituents. Mesomeric charge transfer operates against 
the inductive effect or the electronegative substituent and 
by extending the conjugation it exerts an influence on the 
molecular orbitals, Only in the case of mono-substituted 
derivatives of benzene i8 the dipole moment a true represen-
tation of the inductive effect of the aubstituent, this 
comparison being used in a recent paper by Neff et al. 106 
to correlate an increase in lifetime with electronegativity 
of the substituent. 
Introduction of fluorine substituente into the benzene 
ring is not found to influence the stability of the molecular 
negative ion to the degree which would have been anticipated 
through a consideration of its inductive effect alone. 
Therefore it must be concluded that the resonance effect, 
which is the dominant effect on chemical reactivity and 
electronic spectra, must be a Strong perturbation on the 
vacant ti-electronic orbitals in the substituted nitrobenzene, 
this effect being reflected in the stability of the molecular 
negative ion. 
Nitrobenzene has been examined previously by Compton 
LB 
at al.37 and a value of LO psec. reported for the auto-
detachment lifetime. A second examination by the same 
group of workeral06 has resulted in a revised value of 
175 peso, which does not compare favourably with the value 
found in this. study (486 peso.). Neff at al. 106 have 
attributed this correction to the high cross-section for 
stabilisation exhibited by nitrobenzene in the source which 
was overlooked in the earlier work. However, the source 
pressures employed in this study preclude the collisional 
stabilisation and charge transfer found in Naff's 106 
investigation and therefore the discrepancy between the two 
values remains unresolved. 
(a) Inorganic and miscellaneous molecules. 
The inorganic molecular negative ions detected are 
given in Table 4.5. Because of low capture cross-sect tons 
and isotope effects the lifetimes of the molecular negative 
ions of SiF, OeP.. and 2F20N could not be determined and 
they have thus been given a lower limit of 2 psec. (the ion 
residence time in the source prior to drawout). 
The SFC ion from sulphur tetrafluoride could only be 
resolved at two drift tube potentials but the average life-
time or 162 peso. is probably accurate to within sl% and 
that of to within ±25%. The inorganic fluorides and 
are the smallest molecules (on a number of atoms basis) 
which were found to exhibit long-lived molecular negative ion 
states, only 9 degrees of freedom being available for 
absorption of the excess energy resulting from electron 
capture i.e. the kinetic energy of the incident electron and 
RM 
the molecular electron affinity. The fluorocarbon with 
a comparable lifetime to 3F 	(162 p5cc.) is 
(127 p300.) which has 36 vibrational degrees of freedom 
whilst the fluorocarbon with 9 degrees of freedom, CF does 
not form a long-lived molecular negative Ion.. 
The stability of these molecular ions probably reflects 
the ease with which the captured electron may be accommodated 
in the unoccupied d-orbitals and the increasing polarisability 
of the heavier inorganic molecules. 
SF, being of commercial significance for the 
insulation of high voltage power installations and transmission 
lines, has been the subject of three previous time-of-flight 
investigations237 66 and an ion-cyclotron resonance 
investigation) 	The results of these investigations are 
shown below in Table 4.6. Although the work of Edelson 
et at. 2 was explératory and not designed to produce an 
accurate value it has been included in the Table for the 








T5 (8F6 ) 
Group 
Edelson, Griffiths and McAfee, 2 1965. 
Compton, Christophorou, Hurst and 
Reithardt,37 1966. 
Collins, Christophorou and Carter, 66 1970. 
This study 1970/71. 
Henis and Mabie, 	1970. 
The differences between the lifetimes reported, both 
the time-of-flight measurements and the ion-cyclotron 
LM 
resonance value, may be only partially explained on the 
grounds of different ion source conditions and neutral and 
ion focussing properties prevalent in the individual 
experiments. These differences may arise, at least in part, 
from differences in the total energy of the System. Klt 8 
has pointed out that 5F ions, even when formed by mono-
energetic electrons, will have a range of energies 
reflecting the thermal distribution of the original neutral 
molecules and therefore no unique detachment lifetime can be 
expected of such an ensemble; his calculations suggest that 
as the total excess energy of the system increases from 
O•OleV to OleV above the threshold the autodetsobment life-
time should change by an order of magnitude. 	Clearly small 
changes in the average energy of the attaching electron could 
represent substantial changes in the total excess energy 
of the system and therefore show large changes in the ion 
lifetimes. 	This might at least explain some of the 
differences althougbthe I.C.R. value seems too high to 
reconcile even when the effects of excess energy differences 
are taken into account. 
flots89 has also shown, that from a consideration of 
the micro-wave cross-section data for SF6 (28 x lO 4  am- 2 , 
Mahan and Youngll) in conjunction with the assumption of an 
exponential decay for the negative ion state, a lower limit 
of 55 eec. would be expected for T 5 (3F6 ). He further 
Pointed out that treatment of the electron swarm data predicts 
a longer lifetime and that reconciliation of Comptons 37 data 
may be achieved only on the assumption that the electron 
Rn 
affinity of SP6 is approximately 12eV. Substituting the 
value of T 9 (8%) found in this study end the latest electron 
swarm cross-section data 35  into equation (13) a value of 
11114eV is calculated for E(SP6 ) which compares more favourably 
with the value of 1 '14361  reported using the magnetron 
teobnique) 
Diacetyl, which was also one of the first molecular 
negative ions to be investigated, has been the subject of two 
previous studies. The results reported are compared to the 
value measured in this work in Table 4.6. The short lifetime 
of this species (N c jo) Is probably the result of the 
electron donating effect of the methyl groups on the 
n-electronic orbitals of the carbonyl groupings. 





Compton, Ohristophorou, Hurst and 
Reinhardt 0 37 1965- 
Compton and Bouby) 07 1967. 
This study, 1970/71. 
Bia.trifluOromethylnitrozide, (0F3 ) 2N0, is a stable 
free radical and as such it is not surprising that, despite 
only 24 vibrational degrees of freedom, it formed an 
unusually stable molecular negative ion, 	650 psec. 	The 
Inductive effect of the trifluoromethyl groups would also 
provide a stabilising influence on the negative ion state. 
Ion formation by this molecule will be discussed in 
Chapter 8. 
W Electron affinities 
The statistical theory of electron attachment proposed 
by Compton at al. 37 (see Chapter 2) provides the following 
expression*. 
N 	1,44-1 
a + (1 - 	)E3 = [T 5a5 ti.nm2v2 (N-l)! fl hviJf3)  
1=1 
where s, the energy of the molecule (ion) in excess of the 
zero point energy E z , equals E + eke+ f(E)dE where Z is the 
molecular electron affinity, eke  the kinetic energy of the 
incident electron and f(E)dE the average vibrational energy 
of the molecule above the zero point energy. 
Substitution of the r  and 0. values, determined above, 
into equation (14) yields a value for a from which E, the 
dominant parameter, may be deduced. The kinetic energy of 
the electron has been taken as 005eV and the average thermal 
(300160K) vibrational energy of the molecule was taken as the 
maximum point in the vibrational energy distribution 
calculated using equation (9) and represented graphically in 
Fig. 14.8. for SP, SF6 and 06F6. 
The electron affinities calculated are given in Table 4.7 
together with the literature values and the vibrational 
frequencies employed in the calculations. The value 
calculated for E(SFJ4) S 
124e1, 
 is in good accord with the 
value (-12eV) deduced from a reconciliation of the SF 
appearance potential data from SF 5C1 and SP6 (Chapter 5 
with the reactions which were energetically possible. There 
are no literature values with which this result may be 
compared. 	The value calculated for E(SF6), 1•44eV 9 is in 
TABLE 4.7 ELECT 0N1 Arrt4rr1Es 
MOLECULE VBRA11OP'L FREG.UENCtES cnr' E(ev) .(E)dC(e') cJ(ev) 	T,pae. G, E. (.v) E 	(e-v) 
Sr4 889, BCT, 728, G45, 557, 93, 0-3t9 0.039 4.19 	IG 2 I.Ix Icr's  
43,2S9, 235. 	 P4 III 
sr, ss (3), Th72, 642(2), cI -r(3), 0. 5t8 0-05 25 	G6.1 i.i+.4 
370(3). 	 R4 es 
c6r ss (2). 1530(2), I490, 1323, 1.38$ 0I 1-F7 029 	I3 •1 4w Ø6 0. I 
, 1157(2), Ioao(a),rnz+, 691, 
C40,9, 59S (a), 443(a), 
370(2), js(2),2#),2'i-s, 
21$, 208, I75C2). 	 I 1 - 
(cr3)2Co 10, 1360, I34o,12-lq., 1 a50 , 12/+7, IDJ I. OSG 0 12C. 034- 	(Go)" 2 x I0 0•I7 
s71,778,746, -rl6,caa,s4r7, 530, SOS, 
470, 368, 	E2, 273, a57,193, 160, 30(>.) 
C5 F12 290(6), G(),225(Ll-), 1I50(0,56c6) 1858 024-3 <0I7 	3'i-.B lSwIb'5 . C - 
32F5C6), 895(4), 3eD(a0,30ct.), 	cC 
rtp6ca 	 . 	 .QASèbc 	 IS(D) C 0 
0.14 
C6F1q. 1290(6), GL-0(C),flS44-), 56o(e),3'-t.s 3.20Lj 0-2.SS <O-IG 	93.9 4 X10'5 <.0 - 
200(s), S0 (:2-) 
<0 
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excellent agreement with the value reported by Page and 
Goode14 (143eV) using the magnetron method. These 
conclusions suggest that the theoretical approach may 
successfully be applied in the treatment of small symmetric 
molecules for which e> 2 and the vibrational frequencies 
are accurately known. 
The Whitten-Rabinovitch empirical correction factor 
(1 - aw.), 86 which was initially assumed to be unity in these 
calculations and approached through iteration about C, 
deviates significantly from unity for a' <2. 	It is also 
primarily for molecules with less than 30 degrees of freedom 
when an error of only a few percent results from its use. 
Both these conditions are fulfilled in SF 14 and SF6 where 
4•2 an& 26 and N - 9 and 15 respectively. These 
factors may be responsible for the discrepancy between the 
electron affinity calculated for 	Ol9eV, compared to 
the literature value of 1'2eV 14 measured by the magnetron 
technique. If this is the case then the value of 017eV 
calculated for the electron affinity of hexafluoroaoetone 
may also be a lower limit but there are no other reported 
values with which a comparison could be made. 
The main difficulty encountered in the use of this 
treatment to study the fluorocarbons, for which then is no 
Information on electron affinities except that deduced from 
the cross-section studies discussed above, lies In the lack 
or available vibrational frequency data for these molecules. 
The frequency values listed In Table 14.7 were estimated using 
the general approach developed by Pitzer 	 for hydrocarbons 
M. 
and applied to the data reported for C/3 and CF3000F 3109 
to estimate frequency contributions for the OF  group, the 
group and for the C-C stretch and beth frequencies in 
perfluoroalkanes... The following values were deduced: 
OF) group 1290om.(3) 6400m-- 1 (3) 	225cm.(2 ) 
CF2 group 1150cm.(2) 560cm. 1 (2) 345cm.(2) 
(n - 1) 0-C stretch freqienc lee at 895cm. 
(n- 2) a-c-c bend frequencies at 382cm. 
where xi is the number of skeletal carbon atoms in the fluoro-
carbon chain. The use of this method provides all but two 
of the fundamental vibrational frequencies; the two missing 
frequencies lie below 300m. 	and consequently exercise 
considerable influence on the density of states pertinent to 
this application. The three values of E(C 5F12 ) and E(C6F1 ) 
calculated in Table 4.7 are those computed by setting the two 
missing frequencies to (a) 300m-- Is (b) 15cm. 1 and 
(a) omitting and correspondingly adjusting N. The failure 
of this approach to provide a sensible answer for the electron 
affinities of the two fluorocarbons examined may well be due 
to the estimations involved in the compilation of the 
vibrational frequency data and the uncertainties resulting 
from the calculation of (1- Ow) when s' <2. 
In conclusion it may be said that the successful 
application of the Compton model 37 to the molecular negative 
ion states of email polyatomic molecules holds some promise 
In the task of developing a theory to account for the internal 
behaviour or complex molecules and that extension of 
vibrational frequency data and computational techniques 
will undoubtedly aid in the application of this approach 
to more complex polyatomic systems. 
w 
.1 
THE INORGANIC FLUORIDES: 	SF, 3F60 SF5011 GeFu  and 
In this and the following chapters negative ion 
formation in selected groups of inorganic and organic 
molecules are presented and discussed. 	Inorganic systems 
are described in Chapters 5 and 6 and the remaining chapters 
are devoted to organic systems. 
(a) Sulphur Tetnfluoride, 
Negative ion formation in sulphur tetrafluoride has not 
been previously investigated. 	The ions detected at 70ev 
are shown In Table 5.1 and those detected and measured at 
low electron energies were FTh Fj. 5F3 and SP which were 
formed with relative abundances in the ratio 10000:01:2'6:6O 
at their respective capture maxima. 
Table 5.1. Negative ion mass spectrum of SF at 70ev. 
m/e 	Ion 	Abundance 
19 F l0000 
32 l'9 
38 F'2 2"14 
51 sIr 14 
	
70 	 SF'2 	 O6 
89 	 SP 3- 	 18 
108 	 SF 
The experimental ionisation efficiency curves for the 
ions observed are shown in Pigs. 5.1 and 5.2(a) and the 
deconvoluteci data in Fig. 5.2(b). 	The energy scales are 
calibrated against the appearance potential at OOeV for the 
SP6 ion from 3%. From the figures it can be seen that ion 
formation was restricted to low electron energies, the ion 
current falling to zero at energies above —4ev. 
Sulphur tetrafluoride undergoes associative electron 
capture, 
3F + o 	3F4 
the arose-section exhibiting the same energy dependence as 
that found for SP6 formation (Fig. 5.1). Using mixtures of 
SF and SF of known composition the relative ion currents 
resulting from competitive electron scavenging were used, in 
conjunction with the known capture cross-section of SF6 , 35 
to estimate a value of 1'1 ± 02 x 10 16 0m. 2 for the capture 
cross-section of 31 4  (Chapter 
4). 	The average autodetach- 
ment lifetime of the 3F ion was also measured and found 
to be 162 paso. This value may be compared to the value 
of 681 pace. found for 3F6 ' in which an additional six 
vibrational degrees of freedom are available for absorbing 
the kinetic energy associated with the captured electron. 
F ion formation from 3P is shown in Fig. 5.2 and the 
appearance potential data are summarised in Table 5.2. The 
error limits represent the mean differences of several 
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Table 5.2. 	Appearance potential data for SF 
Ion. 	Appearance 	Peak 	 Peak Width at 
Potential (sit) 	Maximum (eV) j-height (all) 
020 + 0•05 	09 ± 01 	065 ± 005 
8F3 	070 + 0'05 13 ± 01 0'70 -+ 0'05 
SF 	O'OO + 005 
	0•5 S 0•1 
	
050 ± 005 
It F ion formation at 0'20eV is a result or reaction 
2 then, 
2, F+3F3 
using the known value of 3Ô45eV 36  for the electron affinity 
of the fluorine atom in the expression D(3F3-F) i A(r) + 
a value of < 3'65 + 0 - 05eV is deduced for the (SPyP) 
bond dissociation energy. This may be compared to the mean 
(3-F) bond energy or 3'5eV estimated from the energetics of 
decomposition of SF   into gaseous atoms, i.e. SF4Sg 
+ 
which. requires 14OeV. Bott. 114  using a shock tube technique, 
has reported a value of 34eV for this bond dissociation 
energy. Using the appearance potential of reaction 2, 
i.e. 020eV, in conjunction with known thermochemical data.* 29 
9 value of < -515 ± 0-15ev is estimated for the heat of 
formation of the SF radical. 
8F3 ion formation is shown in Fig. 52 and the 
appearance potential data in Table. 5.2. 	Ion formation at 
070eV may be attributed to reaction 3, 
92 
SF4 + a 	> SF + F 
Assuming the absence of excess energy in reactions 2 and 3 
the following relationship is obtained: 
A(F') + E(F) = A(5F3 ) + E(3F3 ) 
The electron affinity of SP  
is therefore estimated to be 
295 ± O'leV. This value is in reasonable agreement with 
the value of 27leV reported by Page and Goode 1 using the 
magnetron technique. 
ion formation was also observed at low electron 
energies, —0eV. 	Formation of this , ion must be attributed 
to surface ionisation on the hot filament since, using the 
known values of E(P2 ) = 2'9 + O'2eV65 and Ail(SF2) = 296V,64 
the minimum enthalpy requirement for reaction 4 is —22eV. 
8F4+ 	114y F2 + SF2 
No such ionisation process was noted in this energy region. 
(b) Sulphur bexafluoride, SF6 . 
This molecule has been the subject of many mass-
spectrometric investigations ll6 t 7-13  and because of this 
the molecule-ion, 	6' is well established as an energy 
scale calibrant (Chapter 3). The 70eV mass spectrum of 
SF6 is given in Table 5.3. 	The ions detected at low electron 
energies in this study were ?, F2 , SF., SF 4-` 
 SF and 
3F6 ; of these the ions amenable to a detailed investigation 
93 
were Y, SFj BF 0 5F5 and 3F6 which were formed with 
abundances in the ratio 112:c1:1:253:1000 at their respective 
capture maxima. 
Table 5.3. 	Negative ion mass spectrum of SP6 at 70eV. 
rn/s 	Ion 	Abundance 
19 	 1600 
32 	 30 
38 	 F2 	 10 
51 	 8F 
70 3F2 04. 
69 8F3 O'2 
108 SF O'2 
127 SF 136 
146 8F6 10000 
Typical experimental ionisation efficiency data for the 
ions investigated are shown in Figs. 5.3(a) 	and 5.4(a); the 
deconvoluted data are shown in Figs. 5.3(b) 	and 5.4(b). The 
energy scale was internally calibrated for the low energy 
work using the onset at OOeV of the 3F6 ion. This was 
cross-checked with the calibration of the high energy data 
where the appearance potentials at 4*2 and 6'6eV for C ion 
formation from 802  were used as the energy scale reference 
points. The unfolded data are compared to appearance 
potential data reported by other workers in Table 5.4; in 
general the agreement is reasonable. 	The 3F3 and SF' 
ION 17ORMAT'O?4 IN SFG AT LOW 
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ions have not been measured previously. 
Table 54 	Appearance potential data for 
Appearance Potential (eV) 
Ion 	
This work. 	Ref. 8 	Ref. 7 Ref. 9 
0•0(calibrant) 	00 	—00 	—3-0 




0'O + 0•1 
4 6 9 ± 0 ' 1  
—10' C) 
_0 * 5 







+ O'2 —14' 0 
7' 8 ± O'l 8'l + 0'5 -905 
	
•1 
105 ± O'l 
	
]o8 ± 05 —120 5 
The role and its limitations of 8F6 as an energy scale 
calibrant have been fully discussed in Chapter 3 and the 
attachment cross-section, autodetacbment lifetime and electron 
affinity reported in Chapter 4. Because of its large 
capture cross-section for slow electrons and the non-
conducting products resulting from dissociation, SF6 has 
found extensive commercial application as an insulating 
medium in high voltage power transmission lines and switches. 
This has stimulated research into the electron attachment 
phenomena occurring for slow electron impact in the gas, 
i.e. the condition simulating the threshold of an electron 
avalanche. A discussion of the intermediate compound 
negative ion states involved in these processes is only 
possible through a comparison of the results obtained by 
several experimental approaches. 	In an attempt to do this 
the low energy observations made in this study are examined 
in the light of previous mass spectrometric studies, 116,7-11  
the temperature variable study of Fehsenfeld 13 using the 
flowing afterglow technique and the experiments of Brion12 
using a velocity selected electron bean with a very narrow 
energy distribution. 
Within experimental error the present value f or A(8F5 ) 
is in agreement with those reported previously. 	Recently 
Brion,'2 using a lOOnV electron energy distribution, showed 
that the 3F5 ion was formed as a sharp peak at OOeV 
followed by a broader resonance at '-05eV. The SP  peak, 
round In this work and shown in Fig. 5.3, is considerably 
broader than the electron energy distribution (Fig. 3.7). 
Resolution of the broad peak, observed by Brion at 05eV, 
has not been achieved by the deconvolution procedure although 
its presence is suggested in the trailing edge of the 
resonance peak. 
3F5 ion formation, found to occur abundantly at 
O'O ± OleV, may be the result of both dissociative electron 
capture (reaction 5) and spontaneous dissociation (reaction 7) 
	
SF6 + e 	SF6'(P8-.103sec) - 	SF + F 
+ e 	)8F6(Taup to 10'68ec) 6,3F6(or 3F6* ) + 
3F5 + F 
The distinction between reactions 5 and 7 lies in the 
description of the parent ion potential surface in the Pranok-
Condon region of the ground state neutral SF6 molecule. The 
intermediate compound ion state involved in dissociative 
capture (reaction 5) can be described as a virtual state of 
the ion and is represented by a repulsive surface in the 
Franok-Condon region. Such a state can exist for only a 
single vibrational time period, _10_ 13 second, before 
decaying by autodetaohment or dissociative capture. The 
potential surface representing the compound ion state in 
reaction 7 exhibits a potential well in the Franck-Condon 
region, the weakly bound negative ion state thus surviving 
autodetachnent for times up to 10 5  second. 
The 8F6 ion was found in this work to be along lived 
species exhibiting an average autodetsobmait lifetime of 
68 pSee. and an electron affinity calculated to be 1*14eV. 
Spontaneous dissociation from this long lived state by 
reaction 7 would be endothermic by approximately 12eV there- 
fore suggesting a low probability for this dissociation 
channel. However, under different source conditions, when 
higher temperatures may prevail, higher vibrationally 
excited states of the ion may be formed and consequently 
spontaneous dissociation cannot be excluded. Ahearn and 
liannay, 7 using a magnetic deflection instrument, have reported 
a metastable ion peak with an apparent ale = 1106 which they 
have attributed to reaction 7. The 8F5 ion current detected 
in this study may therefore result from both reactions 5 and 
7 where vibratlonally excited states are responsible for the 
7;' 
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latter. The spontaneous dissociation of such species is 
expected to be very rapid and as the time lag between ion 
formation, and drawout in the time-of-flight mass spectrometer 
is 1-2 psec. the products of such a reaction would be 
detected as dissociative capture products. 
The low intensity r ion peak, observed by Curran 10  and 
Brion12 as a facsimile of the 5F6  peak at zero energy, was 
also detected in this study with a similar cross-section, 
i.e, j i% 8F6  intensity. The appearance at 00.V for the 
Y ion signal may be used in conjunction with the known 
electron affinity of 3 15eV 6 for the fluorine atom to 
estimate a value of < 345eV for the SF5-? bond dissociation 
energy. This is very close to the value of '-3'4eV calculated 
for the average S-F bond energy in SF6 from the energetics of 
decomposition; SF6 	' 5g + 6?. 
Work reported on the temperature dependence of  
ion formation from 8F6 13119 has shown the rate constant to 
increase rapidly with rising temperature and hence an 
increasing population of vibrationally excited SF6 molecules. 
Fehaenfeld13 constructed an Arrhenius plot over the temperature 
range. - 3000C and obtained a value of 04eV for the 
activation energy, suggesting that the lowest dissociating 
level of 5F6_*  cuts through the SP curve at about the 4tb 
or 5th vibrational level. Consequently 5F5 ion formation 
below 04eV indicates that vertical transitions from the 
small population of vibrationally excited SF6 molecules 
present are sufficient to produce a substantial SF  current. 
Collectively the above information allows a simple 
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qualitative two-dimensional picture of the potential energy 
surfaces to be constructed, as shown in Fig. 5.5(a). 	The 
surface labelled (1) corresponds to the ground state 
configuration of SPC' that labelled (ii) to one of the many 
vibrationally exalted SF6 states and (iii) and (iv) 
represent two of the possible non-bonding surfaces. 
At room temperature, formation of a long lived 
(Ta = 68 11300.) Sp6 state occurs with the highest probability, 
3F5 ion formation being formed to about 25% of this. At 
elevated temperatures the increased population of 
vibrationally excited molecules is accompanied by a higher 
transition probability to such surfaces as those labelled 
(iii) and (iv), this being manifest in the rapidly 
Increasing 3F5 ion current. 
If the surfaces leading to the dissociative capture 
products Y' and SF are separated in the Franek-Condon region, 
then it would be expected that only the lower of the two 
surfaces would be involved and consequently only one ion 
would result from dissociative capture. This situation 
corresponds to the surface labelled (iii) in Fig. 5.5(a) 
which lies below the lowest surface resulting in F' ion 
formation. 	If the two surfaces (leading to SP + F and 
F + SF5 ) were coincident in the Franck-Condon region however, 
the factor determining the electron capture between the two 
receding fragments (i.e. SP and F) will be the relative 
depths of the potential wells which the electron Isees t ,  
that is the electron affinities of the fragments. 	As 
E(8F5 ) 4 > E(F) 36 a predominant 8F5 current would be 
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anticipated with a small Y current produced possibly as the 
result of electron tunnelling between the surfaces. 	This 
situation, represented on the diagram by surfaces (iv) in 
the absence of surface (III), would account for the 
observations made at low energies in this study. 
Spontaneous dissociation from vibrationally excited 
states represented in Fig. 5.5(a) by surface (ii). would be 
very rapid and take place in a time which is short compared 
to the ion residence time in the source (-1 Msec.). 	8F5 
so produced would then be registered at a flight time 
corresponding to rn/s 127 and therefore identified as a 
dissociative capture product. 	The detection of a metastable 
ion pea corresponding to the spontaneous dissociation of a 
fairly long-lived state7 suggests that the probability for 
spontaneous dissociation from surfaces such as that labelled 
(ii) may be quite high. Y ion formation is unlikely to 
result from spontaneous dissociation as this would involve 
violation of the non-crossing rule, the formation is there-
fore attributed to electron tunnelling between non-bonding 
surfaces described by the situation labelled (iv) in the 
diagram. 
The SF ion, on8etting at 1r9 ± OieV, reaches 
maximum cross-section at 58 ± OleV with a relatively narrow 
resonance peak width of 0'90 ± OO5eV at half-height. 	Ion 
formation may be the result of reactions S or 9; 
8) SFJ+F2 
SF[ + 2? 
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Using known thermochemical data23 and the value of 1'2eV for 
E(3F) calculated in Chapter Ii,, the minimum enthalpy require-
ments for 8 and 9 are 33 and 19eV respectively. 	It is 
therefore reasonable to accept reaction 9 as that responsible 
for SP[ ion formation, Exact agreement between 6Hminand 
A(3F) would then Indicate the absence of excess energy and 
provides confirmation for the valneof E(SF) = 1.2eV 
calculated from the statistical model of electron attachment. 
Assuming that the SF appearance potential 18 the minimum 
enthalpy requirement for reaction 9, E(3F 1) = 1•2eV and the 
SF5-F bond dissociation energy is C 3th,5eV, the SFu_F  bond 
dissociation energy is estimated to be C 2'65eV. 
The structure in the trailing edge of the SF  peak, 
Fig. 5.4(b),. although reproducible on the energy scale was 
not reproducible in shape due to the low ion currents involved 
and the low signal to noise patio at the baseline. Ion 
formation at this energy must be attributed to reaction 9 in 
which excess energy is involved. The onset of this shoulder 
at —66eV indicates that —17eV of excess energy must be 
partitioned between the fragments. 
The SF ion was formed with a very low cross-section 
(Fig. 5.4(a))  which prevented a detailed investigation of its 
energy dependence. The capture maximum, however, was found 
to be at 110 ± OleV and a rough investigation revealed 
the resonance peak shape to show a close resemblance to 
that observed for the SF/SF6 ion. The appearance potential 
was therefore estimated to be at approximately 10eV, although 
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this does not exclude the possibility that a resonance of 
lower cross-section precedes the major peak. 	Using the 
values Alif (8F3 ) C -5156V and E(3F3 ) = 29eV obtained earlier 
the minimum enthalpy requirement for reaction 10 Is estimated 
to be 69ev. 
SF6 + 101 3Ff + 3F 
This leads to the tentative suggestion that, in the absence 
of an undetected resonance at lower energy, '3eV of excess 
energy is associated with SF  ion formation. 
Appearance potential data for F ion formation is given 
in Table 5.4 and the direct and deoon.voluted ionisation 
efficiency curves are shown in Figs. 54(a) and (b) respectively. 
Within experimental error the present values are in reasonable 
agreement with those reported by Marriott. 8 Three resonance 
processes are evident (excluding the process at OOeV which 
has been discussed above) ion formation onsetting at 1163, 78 
and 105eV with their cross-section ratios being approximately 
Lil:l. 
3F6 +e 11, 
12) F + SF3 + 2P 
l3 r + SF2 + 3F 
Reactions 11, 12 and 13 involve the successive stripping of 
fluorine atoms from the molecule and may be responsible for 
the onsets at 4/3, 7'8 and 1050. 	If this is so the 
SF 
4
-F bond dissociation energy < 265eV, estimated from the 
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5F4 data above, suggests that > 165eV of excess energy is 
associated with reaotion. 11. 	Assuming that no excess energy 
is associated with 12 and 13 then the SF -Fand 5F2-F bond 
dissociation energies are estimated to be 3'5 ± 03 and 
2'7 + 04eV respectively. 	The value of 35 ± 0'3eV deduced 
for the SP 
3
-Fbond energy is in good agreement with the value 
of 3'65 ± 005eV obtained from the sulphur tetrafluoride work 
and this suggests that there is little or no excess energy 
associated with reaction 12. 
The following bond dissociation energies have been 
deduced: 
Bond 	Bond Strength (eV) 
SF5-P 	1 34$ 
1265 
SF 3-F 	3.5 ± 03 (3'65 + 0'05 from SF4 work) 
2'? ± 04 
Complete dissociation of SP6 into gaseous atoms, SF6 4 S + 6F, 
requires 20'30, using this in conjunction with the values 
above implies that; 
D(SP-P) + D(S-F) > 785 ± 045eV. 
Tha appearance of the 	and SY ions in the 
negative ion mass spectrum at 70eV shows that theta ions 
are stable to the following decomposition reactions; 
SF2 14, SF + 
s 	14 3+j? 
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From the known value for s(F) = 345eV 6 and E(SF) = 09 ± 
02eV6 reaction 15 can be used to provide a lower limit of 
255 + 0'2eV for the S-F bond dissociation energy which, on 
subtraction from 7'85 ± 0'45eV obtained above for 
D(SF-F) + D(S-F), results in a value of 5'3 ± 065eV for the 
SF-F bond dissociation energy. 
(a) Pentafluorosuiphur Chloride, SF C01 
Pentafluorosuiphur chloride was studied in order to 
Investigate the effect of the chlorine atom upon negative ion 
formation by fluorine containing sulphur compounds and its 
possible effect on the stability of the negative molecule-ion. 
Neither positive nor negative ion formation from SF5C1 has 
been investigated previously. The 70eV positive ion mass 
spectra of SI 5Cl and SF  are presented for comparison in 
Table 5.6 (page 1011). 
Both molecules readily form doubly charged fragment 
positive Ions containing sulphur and fluorine but for SF5Cl 
no doubly charged ions containing 8, F and Cl are observed 
and the singly charged ions containing all three elements 
are generally of low abundance. This reflects the relative 
weakness of the S-Cl bond compared to the S-F bond in SF5Cl. 
A molecule-ion of very low intensity is formed in 8F5 01 but 
no parent ion was observed for SF60  in agreement with the 
observations of Dibeler and Mohler. 116 
The positive ion appearance potential data shown in 
Table 5.7 were obtained using the semi-logarithmic plot 
method117 referenced to an energy scale calibrated against 
1013. 
Table 5.6. 	Positive ion mass spectra or SF501 and SF6 
at 70ev. 
SF5C1 SF6 
We Ion Abundance Ion Abundance 
16 0'1 c 01 
19 0"Ii. F 
32 S 31 5+ 14 
35 C1 2'O 
3D'2 1"5 SF22 07 
37 Cl 07 
44,5 3F32+ c 0'1 
3p2+ < oi 
51 3F 61 3F 13.6 
54 SF 2 
 
0. 4 
635 2+ < 0.1 
67 S01 i6 
70 SF24 6•6 8112 407 
86 3FC1 o6 
89 SP  368 SP   180 
105 3F2C1 4 02 
108 SF 53 SFJ 3'2 
124 SF301 c 01 
127 SF5 1000 SF5 1O0O 
143 3F01 11.'0 
162 SF5 C1 c 01 
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the spectroscopic appearance potential of C (15'76eV)J 5 
The appearance potential data for SF6has  been previously 
reported by Dibeler and Mohler. 116 
Table 5.7. Positive ion appearance potential data for 8F 501 
rn/s 	Ion 	Appearance 
Potential (ay) 
19 	 338 ± 03 
32 	 5+ 	 33.2+0 1.5 
35/37 	Cl 	 20'8 ± 0'3 
127 5F5 	 13 6 2 ± 02 
143/145 	SFCll 15'9+ O'l 
For dissociation into gaseous stains SF 6 and 8F501 
require 20'3 and 18'9eV respectively. Assuming the S-F 
bonds to have a constant energy then D(8F5-F) - D(SF5-C1) = 
1'4eV and, using the value at 3I45eV deduced for the 
3F5-F bond dissociation energy from the SF6 data, D(5F5-01) 
is estimated to be c 205eV. 	This relatively low bond 
strength is compatible with the observation that 8F 501 
undergoes thermal decomposition at about 20000.16 
The appearance potential of the SP ion from 8F5C1 
at 13'2 ± 0'2eV, arising from reaction 16, may be compared 
with the value of 159 ± 02eV for SP  formation from SF6 
reported by Dibeler and Mohler 116 as a result of reaction 17. 
3F5C1+e 16, SF5+Cl+2e 
SF6 	+e 	l7jr SF5'+F +2. 
Neglecting possible excess energy contributions, 
D(3F5-F) 	D(SF5-C1) = 27 ± 04eV which is only in reasonable 
accord with the difference of 1'4eV deduced from the 
energetics or decomposition above. 
The most probable ionisation processes leading to 01 
ion formation at 208 ± 03oV are reactions 18 and 19; 
SF501 + 	18, 	+ 3F5 + 2e 
19) Q + + SF+ F +' 2e 
Assuming D(3F5-Cl) , 20eV, then the minimum enthalpy require-
ments for 18 and 19 are —16 and —19eV respectively. This 
suggests that reaction 19 is that responsible for Cl' ion 
formation at 208 ± 0'3eV. 
In addition to the appearance potential for the F+  ion 
measured at 335 + 0•3eV, breaks in the F and Cl - ionisation 
efficiency curves were noted at 3208 and 33'5eV respectively. 
8F501+e 204  ?+8+hF+C1+2e 
21) ?+Y+S+3F+01+ a 
22, ?+01+S+142+ a 
Reactions 20, 21 and 22 have minimum enthalpy requirements of 
37 1 1, 33'7 and 33'5eV respectively, it would therefore 
appear that the appearance potential of 	at 338 together 
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with the observed breaks in the t and Cl -  curves, suggests 
that both ion-pair processes 21 and 22 contribute to 
ion formation. 
The appearance potential for the C ion at 332 ± 05eV 
is in reasonable agreement with the calculated energy 
requirement of 322eV for reaction 23. 
81P501+e 234 C+3p+0l+2e 
Any ion pair processes would have an energy requirement at 
least 31eV lower than this, since it would involve Y or 
01 ion formation. C ion formation may therefore be 
attributed to reaction 23. 
SF5Cl + e 2b 3F4914 + F + 2e 
If it is assumed that D(sFc1 - F). is the same as the 
8P5-F bond dissociation energy, —3'1eV, then using the 
appearance potential of 15 6 9 ± OleV measured for the 
SFLl9l ion, an upper limit of 125 ± 0 1 2e1 is estimated for 
I(SFCl) the ionisation potential of SFCl. 	There is no 
other reported value. 
Pentafluorosuiphur chloride was an abundant source of 
negative ions, the total cross-seotion for negative ion 
formation being greater, under comparable source conditions, 
than for 8F or SP6 . The 70eV negative ion mass spectrum 
is presented in Table 5.8. 
•1 
Despite a thorough search at low and high electron 
energies, that is in regions of primary and secondary 
electron capture, 8F 50C was not detected. This is in 
contrast to the situation in $F6  and 
25 	- SF501 + e 	SFsClga at 	_106 see.) 
indicates that reaction 25 does not occur. 
Table 5.8 	Negative ion mess spectrum of 8F501 at 70eV. 
rn/s 	Ion 	Abundance 
19 	 10000 
32 0•7 
35/37 Cl -  1000 
38 F2 c O'l 
51 Sr 8'O 
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Parent ion formation along a potential surface such as that 
labelled (ii) in Fig. 5.5(s) would not be detected directly 
due to the short lifetimes of such excited states. Fragment 
ion formation as •a result of the spontaneous dissociation of 
such states would be detected as dissociative capture 




at zero electron energy does not therefore preclude 
the possibility of short-lived SFCl ion states. The 
dissociative 
SF5C1 + a 	) sr5cct (t--10 3sec.)_26 , 	+ Cl 
+ SF  
+ 3F401 
capture reactions 26, 27 and 28 however, are all exothermic to 
thermal electron capture. Excluding the surfaces just 
discussed, Fig. 5.5(b) may be used to represent this system 
for thermal electron capture; the repulsive surface, drawn 
through the ground state configuration of SF5C1, labelled 
(1), represents a non-bonding excited state of SF5Cl_* 
decaying in a vibrational time period (t103 see.) via auto-
detachment to ground state SF5C1 or dissociative capture to 
the fragments shown. 	F ion formation is described by 
dissociation of the excited SF5cr ion along the surface 
labelled (ii), this channel being open only on condition 
that D(SF 4pl-F) is less than E(F). 
As SF5Cl_**  dissociates along the surface labelled (1), 
the electron will be resonating between the receding frag-
ments, and as the potential wells: 'seen' by the electron 
are of comparable depth, i.e. E(Cl) 6 E(SF5 )) equal 
localisation probabilities might be anticipated. 	Separation 
of the surfaces, representing 3F5 + Cl and Cl- + SP  
formation s in the Franck-Condon region would lead to a pro-
dominance of the ion formed along the lower surface with 
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the other ion, formed along the upper surface, in an amount 
determined by the extent of electron tunnelling between the 
surfaces. 
Precise measurements on the relative abundances of the 
dissociative capture ions at zero electron energy could not 
be made because of the signal contributions arising from 
surface ionisation of fragments following pyrolysis of 8P5 C1 
on the hot filament. The signal resulting from 'thermal' 
ion formation was found to decay rapidly with decreasing 
filament temperature (i.e. with increasing electron energy). 
The appearance of ions of thermal origin in the drift tube 
may be explained as follows: at 'negative' electron energies, 
any ions formed on the filament are prevented from reaching 
the collision chamber and from being detected by the 
repulsion of the electron slits. As this bias is decreased 
and becomes attractive, ions are drawn through the electron 
slits and trace out an intensity curve which is similar to 
that for electrons under the same conditions. However, the 
simple sigmoidal function is modified by the concurrent 
decay of filament temperature and a peak in intensity is 
observed. Thermal ions are therefore dependent upon 
operating conditions and reproducible results are difficult 
to obtain. 
The negative ions detected and measured in SF5C1 were 
F, 01 1 PC]?, SF 
3-
'and SF j. 	Pressure dependence 
measurements showed them all to be of primary origin, 
including F01. Experimental and unfolded ionisation 
efficiency curves for some of the ions, measured at electron 
ill 
energies greater than 2ev, are shown in Figs. 5.6(a) and (b). 
The SP  ion has not been included as the low cross-section 
for ion formation resulted in data of interior quality. The 
energy scale is calibrated against the appearance potentials 
at 142 and 66eV for the 3 ion formed from 802. 	The 
appearance potential data for the ions formed by 3F 501 are 
shown in Table 5.9. 
The 3F5 ion 
at half-height and 
onset to be at O'l 
D(8F5-Cl) has been 







peak has a width of 0'8 ± OleV 
led experimental data shows the 
Since E(5F5 ) = 36eV14 and 
above to be —20eV, then the 
—0eV; this was found to be so 
Table 5.9. Appearance potential data for SF501. 
Ion Appearance Peak Peak Width 
Potential 	(eV) Maximum (eV) at-beight 
(eV) 
SF, 0'1 ± 01 0'6 ± 01 0•8 + O•l 
SF li/i ± 02 55 ± 03 —15 
7 . 4 + O•t 6•8 + 01 14 + 0.1 
F01 7.5 ± ol 89 ± 01 17 ± 0'1 
al- 	 —00 	 - 	 - 
1p9+0l 	 - 	 - 
unresolved ion current between 5'0 - 75eV 
76+O'2 	8•9+01 	17±01 
	
—0•0 	 - 	 - 
29+0l1 47±0'1 l3+01 
76±01 90+0l 1 . 5 0 - 1 
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The SF ion onsets at 4•1 ± 0'2eV and may be 
attributed to reaction 29 for which the minimum enthalpy 
requirement, calculated using the value SF4) = 12eV 
derived in Chapter 4, is 38eV. 
SFc1+e 29, p +p+cfl 
30, SF - + PC]. 
The occurrence of reaction 30, for which the minimum enthalpy 
requirement is only lleV, would require the partitioning of 
—3eV of excess energy between the fragments. According to 
the conservation of momentum approximately 2ev excess energy 
would go to the SFJ1 " ion which would probably result in 
autodetachment of the electron. The formation of 8F by 
reaction 29, in which a rearrangement ion is not produced, 
is analogous to that suggested for the formation of SF 
from SF6 . 
It can be seen from Figs. 5.6(a) and (b) that the 5F3 
ion exhibits a single resonance peak onsetting at 74 ± 
O'leV. Three possible processes may be constructed for 
SF 
3- 
 ion formation of which 31, which has a minimum enthalpy 
requirement of 68eV, is that preferred. 
SF501 + e 31) 8P3 + 2F+ Cl 
32> 8F3 + P2 + Cl 
33) 3F3 + F +•FtJl 
The other two processes, 32 and 33, proceeding with the 
formation of the intramolecular rearrangement fragments F2 
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and PCi respectively, would involve the release of 22 and 
2'3eV of excess energy since they have minimum eritbalpy 
requirements of 52 and 5'leV respectively. 
Pressure dependence measurements at the resonance peak 
maximum of the FC1 ion onsetting at 7.5 ± OleV, showed 
it to be a primary ion. 
SFC1+e 14 F01+5F3 +? 
Assuming no excess energy is involved in reaction 314, and 
using AB1 (8P3 ) = -5leV, a value of E(FCl) = 15 ± 014eV 
Is calculated. 	Since FCC is stable against the decomposition 
reaction FC1 - 01 + F, the electron affinity (using 
E(Cl) = 36eV36 and D(F-Cl) = 256eV18) is estimated to be 
> 1014eV. 	There is no other value reported for E(FCl) but 
values of 2'9 ± 02 and 2'5 + 0"2eV6 have been reported 
for E(P2 ) and E(C12 ) respectively. 
cc ion formation occurs extensively throughout the 
energy range 0 - 15eV. The appearance of 01 at thermal 
electron energies has already been discussed and attributed 
to the dissociative capture reaction 27 and also to surface 
ionisation on the filament. 	The unfolded ionisation 
efficiency curve shown in Pig. 5.6(b) exhibits complex 
structure between the onset at 149 ± 01eV and the major 
peak onsetting at 76 ± 02eV. The small bump on the 
trailing edge of the major peak was not reproducible and is 
believed to result from ineffective unfolding over the broad 
liii. 
tall of the resonance. 
The following reactions, with their respective minimum 
anthalpy requirements, AHmins  may be suggested to account for 
Cl-  ion formation: 
&min(GV) 
SF5Q1 + e 
36 >  
38 ;  
39 ) 
+ SF + F 	 12 
Cf + SF+ F2 	 31 
Cf + SF  + 2F 	 48 
C1_+872 +F2 +F 	6'4 
Cl- + SF2 + 3? 	 8•0 
Some Cf ion formation from 35 could possibly be a contributing 
factor to the increasing ion current observed below 2ev which 
has been partly attributed to reaction 27. 	It is not un- 
reasonable to attribute ion formation at 4- 9 1 OleV to 
reaction 37 and suggest tentatively that reactions 38 and 39 
may account for the ion current around 65eV and that 
maximising at 89 ± O•leV respectively. Reaction 36 does not, 
therefore, appear to contribute to af ion formation. 
The appearance of F in the zero electron energy region 
has already been discussed in terms of surface ionisation on 
the filament and the dissociative capture reaction 28. 	An 
upper limit of 3'45oV, i.e. E(F), 36 can therefore be placed 
on the SIP 	bond dissociation energy. 	The following 
reactions, with Their respective minimum enthalpy requirements, 
may be suggested to account for further F formation: 
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b11m  in (eV) 
sp5c1 + e 	
0 + 
+ Cl 1  - 5  '5 
Li) r+3F3 +FC1 2'5 
t42 P+5F3 +F+C1 561 
143, Y+3F2 +FC1+F 66 
1*14, xr+3F2 +p2 +c1 6'6 
L5, F+31'2 +2F+Ol 83 
Reaction LO may contribute to the F ion current observed 
below 2eV. The broad resonance onsetting at 2'9 OleV 
may be attributed initially to reaction 14 with reaction 142 
also contributing. 	In view of the uncertainty associated 
with the thernzochenzica1ta used in the calculations it is 
tentatively suggested that one or both of reactions 143 and 
144 are responsible for the small peak in the tail of the 
major r resonance peak and that reaction 145 maybe partially 
responsible for the broad, low cross-section, resonance On-
setting at 7'6 ± 02eV. 
(d) Germanium tetrafluoride, GeF. 
The existence of the &1F5 ion has been demonstrated 
by the formation of tetraphenylax'sonium peritafluorosilicate 
in the reaction of tetraphenylarsonium chloride and silicon 
dioxide in aqueous methanolic hydrogen fluoride. 20 It was 
suggested, in that work, on the basis of infra-red spectra, 
that use of germanium dioxide may have yielded a compound 
containing the GeF5 ion but no more definite evidence for 
the formation of this ion could be obtained. 
MacNeil and Thynne21 examined negative ion formation in 
51F14 and found that, with ion source pressures above 10 tort', 
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31F5 was produced as a result of the ion-molecule reaction: 
sip 
3-
+ sip j4 146 )  Sip ç + Sip  
The relative ease of formation of such ions in the gas phase 
suggested that a comparable study with germanium tetrafluoride 
might yield Information regarding the Gap  ion and permit a 
comparison to be made between ion formation in Sip  and Gap 40 
A positive ion study of 05F4 was also undertaken in 
order to establish an approximate Ge-F bond energy and to 
extend the range of ionisation potentials. 	In Table 5.10 
the 70ev positive ion mass spectrum of Gap  Is compared to 
the spectra of 	and Sip  reported by Dibeler and MohlerJ 16 
The table is so constructed that only the ions from Gap  are 
listed in order of Increasing molecular weight. 
Table 5.10. Positive ion mass spectra of C?43 SIP4 and 
Gap  at 70ev. 
Ion 	X = C116 X3i116 	X=Ge 
490 172 172 
XF 49 7'2 <05 
37 . 7 7 . 3 
XF 168 115 c05 
844 41'5 27'1 
,cFI+ 40'0 387 165 
128'4 6's 4 . 4 
10000 10000 10000 
XF4 - 178 - 
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The ionic abundances in the GeF mass spectrum are the values 
summed over all the germanium isotopes. 
There are several points of interest arising from a 
comparison of these mass spectra; (i) 0F 144 and GeFu+ were 
not detected, (ii) relatively high abundances of doubly 
charged ions appear in all three spectra, (iii) for SiF and 
GeF the XF2
ion current is greater than that of the 
corresponding singly charged ion, (iv) the abundance of ions 
which have an odd number of fluorine atoms is greater than 
those which have an even number and (v) the abundance of all 
ions relative to the abundance of XP3+ (the most abundant ion 
in each spectrum) decreases in traversing the series CF to 
SiF to GeP. 
The semi-logarithmic plot method of Leasing et al. 117 
was used to determine the appearance potentials of all the 
singly charged ions in the GeF mass spectrum. The energy 
scale was calibrated against the appearance potential of the 
CO ion from CO at 14OeV23 and the results are presented in 
Table 5.11. 
Table 5.11. Appearance potential data for the positive ions 
of GeFu. 
Ion 	Appearance Potential (elf) 
33'O ± 03 
Go 	 29"L4+ 012 
Ge? 	221 ± O'2 
GeF2 	206 ± 03 
GeFj 	157 , 02 
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If the minimum enthalpy requirement for reaction 147 
is set equal to the appearance potential of the Ge+  ion, 
2 9'14+ 02eV, 
Oe%+e 47-, Ge+Li2+2e 
then, using the published value of 79eV 22 for the ionisation 
potential of Ge t the average Ge-F bond energy is estimated 
to be '5'14eV. This may be compared to the average bond 
energies of 141 and 5014eV calculated for 0F14 and SIP'14 
respectively. 
If the ionisation processes taking place in GeF 14 
proceed by the Successive splitting of fluorine atom fragments 
then reactions 148, 49 and 50 may be postulated to account 
for the appearance potentials at 157 8 206 and 22'7eV for 
the GeFj 1 Ge?2 ' 1' and GeP+ ions respectively. 
GeF14 +e 48. GeF3++F+2e 
GeF2 + 2? + 2e 
50> Ge? + 3F + 2e 
On the basis of these processes, and using the average Ge-F 
bond energy obtained from reaction 47, 514eV, the ionisation 
potentials of GeF3 , GeF2 and Ge? may be estimated to be 
< 10'3, < 98 and c 6'5eV respectively. 	Ge?2 is the only 
species in this system for which thermochemical data have 
been established. 25 Using AHf (GeF2 ) = -5•9 ± 0"leV25 and 
the value of <98eV for I(GeF2 ), suggested on the basis of 
reactions 47 and 49, then a lower limit of -15'leV may be 
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estimated for the heat of formation of GeF. In the 
absence of a direct determination this value can be used in 
rough calculations in order to indicate the feasibility of 
possible negative ion processes. 
f ion formation at 33 60 ± 03e1 may be the 
consequence of reaction 51 in which x + 1 (Ge - F) bonds 
are broken, 
GeFu + e 	
l5 	,+ + GeF(Z+l) + xF + 2e 
using the relationship (x+1)D(Ge-F) C 33'0 - 1(F), where 
I(F) = 17-40V 22 and D(GeeF)aenge  504sV, then a value of 
3 is found for (x+l), so the process responsible for F+ ion 
formation may be written as, GeF , + e _..F+ + Ge? + 2? + 2e. 
Negative ion formation Occurs extensively in germanium 
tetrafluoride. 	The ions detected and measured at low 
electron energies were F,F2 Th Ge?2. GeF3, GeFC  and 
GeF5 ; all primary except 0eF5 which was shown by pressure 
studies to be secondary. Several digermanium ions were 
also detected both at high and low electron energies but 
with intensities too low for a detailed examination to be 
made. The 70eV negative ion mass spectrum measured at 
a source pressure of 1 x 	torr is shown in Table 5.12. 
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Table 5.12. Negative ion mass spectrum of GeF 1 at 70ev. 




GeF3 ' 1460 
GeF 4[ 1443 0 
Ge? - 62 
Ge2F2 	 0.8 
Ge2F 1'0 
O2 
Ge2F8 	 <01 
The Ge2F  Ions were of very low intensity and attempts 
at pressure dependence measurements were unsuccessful. At 
low electron energies the ions 	and Ge2F' were 
detected in the same region as the GeF4 Ion (zero volts) 
suggesting an origin at the surface of the filament which is 
particularly hot at this energy range. 	The additional 
possibility of ion formation as a result of ion-molecule 
interactions is discussed below. 
Typical experimental results for some of the primary 
ions are presented In Figs. 5.7(a) and (b) and Fig. 5.8(a) 
and the deconvoluted data in Fig. 5.8(b). 	In order to 
prevent crowding in Fig. 5.8 the GeF2 ionisation efficiency 
curve has not been included; it showed an exactly similar 
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energy profile to that of the r ion. 	At their respective 
capture maxtinathe relative intensities of the ions F, 
Fl, GeF2 , GeF and GeFu  were in the ratio 100000l 
02: 70' 0: cO 1. 
With the exception of the molecular negative ion, 
QeF, all the ions studied were found to attain their 
maximum cross-section at threshold, i.e. they exhibited 
vertical onsets. 	All the dissociative capture processes 
occurred at comparatively high electron energies and in no 
case was an ion-current detected below 6'QeV. 	The ions 
observed in SIP 11 2 ' were similarly found to exhibit vertical 
onsets, all capture peaks appearing above 9'OeV. 	The 
assignation of vertical onsets to the ions formed from GeF 
was made by comparing the normalised capture peak profiles 
with that of the 0 ion from CO which itself attains maximum 
cross-section at threshold 24  (Fig. 3.9). 	The superposition 
of the onset edges, after an - appropriate shift on the energy 
scale, is demonstrated for the GeF3 ion in Fig. 5.7(a). 
The peak widths of the ion curves are very similar to that 
of 01040. This observation is of importance in making this 
comparison because, with a finite electron energy 
distribution, a capture peak may x,iee as sharply as 0/CO 
and yet not have a vertical onset if the overall width of 
the peak is considerably less than that of the 0/CO ion. 
For peaks of similar width, a non-vertical onset process 
will always show a slower rise to maximum. 
If all the ions show a vertical rise to maximum at 
onset then two possible methods may be used to determine this 
122 
energy. 	In one method, the point of maximum gradient on 
the onset edge of the unfolded peak may be compared with 
that for 0/CO which is at 962eV. 2 	The selection of this 
point is inexact to ± O•leV and leads to a maximum uncertainty 
of ± 0'2eV in calculating a difference. However, from 
Fig. 5.7(a), it is clear that the leading edges of the curves 
may be superimposed and so the experimental energy shifts 
required to achieve this present a second and more accurate 
determination of the onset energies, the uncertainty being 
± 005eV. Both methods were used to establish the onset 
energies and both methods gave the same result within their 
respective experimental errors. 
Table 5.13 shows the measured onset energies for the 
negative Ions from GeFu. 
Table 5.13. Appearance potential data for the negative ions 
of GeF. 
Appearance Potential 	
Peak Width Ion 	
Superposition 	£ Maximum 	at i-height 
of edges (eV) gradient (fl) 	eV 
8'60 ± 005 	85 ± 02 	10 ± 0-1 
F2 8-70 ± 0-05 8' 7 + 0-2 10 ± 01 
0eF2 8 - 70 ± 010 8-8 + 0-2 11 ± 0-1 
GeF3 8 - 30 ± 0-05 8'4 ± 0-2 11 ± 01 
GeF5 8 - 30 ± 0'05 8I 	+ 0-2 1-1 •i- 0-1 
QeF Non-vertical onset —00 0-5 ± 0-1 
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The GeFC Ion was also detected at high electron 
energies (10 - 100ev) as a result of secondary electron 
capture; at zero electron energy the cross-section for 
primary electron capture exhibited the same energy dependence 
as that for 	(Fig. 3.7). 	This enabled a value of 
15 ± o'ji, x 10- 16 0M.
2  to be estimated for the attachment 
arose-section of GeFu  relative to that of SF69  
117 x 10' 14cm. 2 .35 A molecular negative ion was also 
detected in SiF, however, the cross-section was much less 
than that of GeF and it was not measured. 	In both cases 
the low attachment cross-sections prevented estimations of 
the average autodetachment lifetimes, such measurements were 
also complicated by the presence of several Isotopes of 
germanium which made accurate evaluation of the neutral 
component Impossible. 
Following the observation of digermanium ions In the 
mass spectrum of GeI at 70eV a search for these and 
similar ions was carried out at low electron energies. 	Mass 
analysis at zero electron energy revealed only the ions 
Ge2F2 and Ge2F. The possible thermal origin of these 
ions at this energy has been discussed above. Using very 
high trap currents (-05 .tAmp) and source pressures in the 
range 2-5.x-10 -5 torr, traces of digeruiantum tons and GeFC 
were detected In the energy region close to the GeFj 
capture peak. 	Ion-molecule reactions may therefore be 
taking place under these conditions and GeFj' and GSFC 
(probably formed as a result of secondary and scattered electron 
1 214 
oapture) are possible precursors. 	Reactions 52, 53 and 514 
are of the type envisaged; 
GeFj + GeF14 52, GO2FC + 3F (or F2 + F) 
GeF + 	 -t 0e2F6 + 2F (or F2 ) 
GeP + GeF1 	Ge2F3 + P 
Germanium compounds containing two germanium atoms 
have been isolated by Margrave; 25 a GeF2/GeF14 adduct, Go 2P69 
thought to originate from the complex (GeF2 ) 3GeF14 was 
isolated as a white solid. 	Raman investigations of 
(GeP'2 ) 3QeF14 failed to reveal any Go-Ge frequencies. In the 
light of Flargrave's observations, fluorine atom bridged 
structures may be envisaged for the digermaniurn ions observed 
in this study so that three, four and five co-ordination of 














The formation of complex ions in the gas phase does not 
imply that, necessarily, the ion will exist in a solid. 	The 
factors affecting the stability of the ion in the two states 
are different, for example, in the solid state the lattice 
energy term is an important parameter. Nevertheless, 
detection of such ions in the gas phase might well be used 
to stimulate research in certain areas aimed at forming such 
inorganic complexes. 
The GeFj ion has an appearance potential of 8'30 ± 
005eV, the reaction attaining maximum cross-section at 
threshold. 	Formation of this ion may be attributed to 
reaction 55, 
GeF14 +e -55 GeFj+F 
The lack of thermochemical information for this ion precludes 
a detailed examination of the energetics of reaction 55, 
however, use of the average bond energy, 5(Ge-F) = 54eV, 
deduced from reaction 147 above, in the equation D(GeF 3-F) 
83 + E(GeF3 ), yields a value of EEE(9e+2.9eV. 	This 
assumes the absence of kirtetit energy in reaction 55. 	A 
vertical onset for an ion resulting from the bond cleavage 
of a diatomic molecule is an indication of a potential well 
in the molecular negative ion state and hence the formation 
of the products with no relative kinetic energy at onset 
(see Fig. 2.2(a)). If GeF 3-F can be treated as a 'diatomic-
like' system then reaction 55 would not be expected to 
involve excess kinetic energy at onset and the value of EE= 
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E(GeF3) + 2'9eV would only be uncertain within the inaccuracy 
of the estimated Ge-F bond energy assumed equal to the 
GeF3-F bond dissociation energy. Some justification for this 
assumption can be found in the work of Collins and 
Christopborou66 where it was found that for (C-Br) bond 
cleavage in a series of .aliphatic bromides (C 2H5Br to 
C3H1 7Br) the isotope effect on the peak parameters could 
only be reconciled by consideration of EBr as a diatomic 
system where R = 02R5 to 08H17 . 
Two possible processes may be responsible for the 
vertical onset at 870 ± Q•lOeV for the GeF2 ion, reactions 
56 and 57. 
GeF + e 56) GeF2 + 
GeF + 2F 
As there Is no value reported for E(GeF2 ) the energy require-
ments of reactions 56 and 57 cannot be estimated; GeF2 ion 
formation cannot therefore be assigned to either. 
ion formation is shown in Fig. 5.8 9 the appearance 
potential of the main peak being at 8"70 ± OO5eV. 	The 
Intensity of this ion showed a linear pressure dependence; 
it is therefore formed by an intramolecular rearrangement 
reaction of the type shown, in 58 and 59 
GeF+ S 	 + 
59 ) P2 + F + GeF 
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The study in SiF, 21 for which thermochemical data were 
available, indicated the process analogous to 58 to be 
responsible for F ion formation, the process analogous to 
59 being energetically unfavourable. 	The processes 
established for negative ion formation in OF and SiF 21 
indicate a close similarity for these fluorides; if this 
constitutes a trend within the Group 4  fluorides then 
reaction 58 may be predicted as that responsible for 	ion 
formation in Ge\. Using the values E(F 2 ) = 249 ± O2eV6 
and AHf(GOF2) = -5'9± 0'leV, 25 an upper limit to the heat 
of formation of GeF may therefore be calculated to be 
-1795 + 014eV. 	This can be compared to the lower limit of 
-15'leV calculated on the basis of reactions 47 and 49 and 
to the values of _9.623  and -16-7ev23 for H(CF) and 
6H(3iF) respectively. 
Unfolding the 	ion data revealed a second peak of 
lower cross-section, onsetting at lOL± O'leV, which may 
correspond to 	ion formation by reaction 59. 
The Y ion curve shows a single sharp resonance on-
setting at 8-6 ±OO5eV, the peak having a width of 
1-0 ± OleV at -height. 
GeF+e 60, F+0eF3 
61, F + F + GeF2 
Reaction 61 is analogous to that suggested for r ion 
formation in CP and SIP' 11 . 	Using E(F) = 3-48V 36 in the 
expression D(Ge-F)8 < 86 + 2(F), results in D(Ge -F) 8 s 
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12OeV, thus, on the assumption of reaction 61, D(Ge-F) < 
6 '0eV, which is in reasonable agreement with the average 
value over all four bonds, —54eV, deduced from reaction 47. 
F ion formation by reaction 60 would involve —6eV of 
excess energy to be distributed between the fragments. 	As 
already indicated, the vertical onset implies the products of 
a diatomic molecule to be formed with zero relative kinetic 
energy at onset, hence if 	 behaviour can be 
assumed the excess energy would be used in exciting Internal 
modes within the GeFj ion, which might well result in 
electron detachment. 	V ion formation is therefore 
attributed to reaction 61. 
lonisat ion efficiency curves for the GeFj and GeF5 
ions obtained by simultaneously monitoring both ions are 
shown in Fig. 5.7(b); they clearly have similar profiles 
and indicate that 0eF3 is the precursor to formation of 
the secondary GeF5 ' ion. 	The ion-molecule reaction 62 can 
be written to account for GeF5 ion formation. This also 
follows similar 
GeF - + GeF11 	62, GeF5 + Ge?2 
.3 
behaviour in SIP 4 , where reaction 46 was shown to occur. 
(e) Tungsten hexefluoride, WF6 
The relative abundances of negative ions formed from 
WF5 at 70eV are shown in Table 5.14; the relative abundances 
are those summed over all isotopes using the following isotope 
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ratios: 22 
m/e 180 182 183 184. 186 
0'14 2629 14'31 30'66 2860 
Because of incomplete resolution of nile 183 in this work 
all measurements were made on the isotope of rn/s = 186 
followed by reference to the percentage abundance table 
above. 
Table 5.14. Negative ion mass spectrum of WF 6 at 70ev 
and a source pressure of 1 x 10>torr. 






wI?7 	 07 
Pressure dependence measurements showed WF6 and WP{ 
to be secondary species, however, WF6 ' only shows a second 
order pressure dependence at high electron energies due to 
its formation by the capture of slow secondary electrons 
whereas WI?7 must originate from an ion-molecule reaction, 
possibly of the type; WF5 + WI?6 —4WF.f + WF. 
The ions detected and measured at low electron energies 
were F. WFL and wP,' in the ratio 1000:4:55 0 at their 
'4. 	 7 
respective capture maxima. 	WF6 was detected at zero electron 
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energy as a primary ion but with a very low capture cross- 
section, whereas WF7 was not detected at low energies, even 
with a flight tube pressure of 5 x.10 5 ton'. 
The average autodetachment lifetime for the WP6 ion 
was estimated using the secondary- electron capture method 
at 100eV. 	Only two drift tube potentials, 20 and 25KV, 
proved satisfactory for a suitable resolution of WP6 
(m/e = 186) and NP6 neutral (rn/s = 182) 	The isotope ratios 
above were than used to calculate the total charged and 
neutral contributions, from which values of 25 and 32 psec. 
were calculated for T5 (WP6 ) at 2'0 and 2'5KV respectively. 
The uncertainty involved In these values far exceeds that 
normally expected for lifetime measurements but the average 
value of —28 psec. is believed to be accurate to within 25%. 
Typical experimental and unfolded ionisation efficiency 
data are shown in Pigs. 5.9(a) and (b) respectively. 	The 
electron energy scale is calibrated against the appearance 
Potentials of the 0 ion from 802 at 42 and 66eV. Appearance 
Potential data for the ions investigated are given in 
Table 5.15. 
Table 5.15. Appearance potential data for NP6 
Ion 	Appearance 	Peak 	Peak Width at  
Potential (eV) Maximum (eV) fr-height (eV) 
1'8 + 01 28+01 11 + 01 
5 . 3 + 0'1 6'1 + 0'2 - 
6'5 0'2 75 + 0'2 - 
7'6 + 0'2 9 . 3 + O'l 18 + 0•1 
WP4 8 - 3 + O'l 
9116 + 01 162 + O'l 
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F ion formation may be seen from Fig. 5.9 and 
Table 5.15 to be the result of several reactions. 	The small 
hump on the onset edge of the first peak, however, was not 
reproducible being dependent upon operating conditions 
therefore suggesting an origin at the filament surface. The 
small peak resulting after deconvolution has therefore been 
disregarded. 	If reaction 63 is responsible for F ion 
formation at 18 ± OleV, 
+ e 63,  F + WF5 
then, using E(F) = 345eV 6 in the equation D(W95-F) < 
1 0 8 + E(F), a value of 'C 525 + OleV may be estimated for 
the WF5-F bond dissociation energy. 	From known thermo- 
chemical data, 27 the energetics of decomposition for 
tungsten hexafluoride, WF6 —+W + 6F, may be used to estimate 
a value of 54 ± 03eV for the average W-F bond strength in 
It has been found throughout the work on inorganic 
fluorides that the primary bond dissociation energy lies 
close to the average bond strength in the molecule. 	Reversing 
the calculation for reaction 63, on the assumption that 
18 ± OleV is the minimum enthalpy requirement, the beat of 
formation of the 	radical is estimated to be < -139 ± 
0 • 2ev. 
If it may be assumed that D(WF5-F) a D(WPçF) then a 
value of -9leV is estimated for ABf(WFu) from which the 
minimum enthalpy requirement of reaction 64 is calculated 
to be -'7'4eV. 
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WF6+e 6U) 
Reaction 64 is therefore suggested for F ion formation at 
76 ± O'2eV. Reversing this argument and assuming the 
appearance potential for reaction 64 is also the minimum 
enthalpy requirement, this allows an estimation of the 
WF4 F bond dissociation energy to be made, i.e. D(WP4-F) = 
76 ± 02 - 1'8 ± 0'1 = 58 + 03eV. Applying the same 
argument i.e. D(WF4-F) . D(wF3-F), AUf (WF) ) is estimated to 
be = -46eV and the minimum enthalpy requirement for the next 
least energetically demanding process, 65, is calculated to 
be 111ev. 
+ e 65) F + F2 + WF3 
Since the F ion current falls to zero above 11OeV reaction 
65 does not appear to contribute to ion formation. 
After deconvolution, the shoulder on the onset edge 
of the major F ion peak indicated two resonance processes, 
onsetting at 5'3 and 6'5eV, in addition to the main peak 
which onsets at 76eV. The assignation of reactions 63 and 
64 to the onsets at 16 and 76eV on the basis of the above 
calculations suggest that the onsets at 53 and 65eV must 
result from reaction 63 in which 35 and 47eV of excess 
energy are involved respectively. 	In the absence of a 
translational energy analysis of the fragments the excess 
energy cannot be quantitatively attributed to either 
excitation of the WF5 radical and/or kinetic energy of the 
fragments. 
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WF5 ion formation onsets at 	± OleV, only one 
capture peak being observed. 	Assuming that D(WF5-F) c 
5'25 ± O1eV in the equation 525 £ b/LI. + E(WF5 ) for 
reaction 66, a value of 
WF6+e 66>  WFç+F 
E(WF5 ) > 085 + 02eV is estimated. 
Reactions 67 and 68 are the only two reactions which 
may result in WF ion formation. 
b!?6 + 	67, WP + F2 
68) WFC + 2F 
From the energetics of decomposition discussed above 
AHf (WP ) has been estimated as --9leV, hence reactions 67 
and 68 have calculated minimum enthalpy requirements of 
92 - E(WF1 )eV and 108 - E(WF1 )eV respectively. 	From the 
appearance potential for WF ion formation at 8'3 ± OleV, 
alternative lower limits of 09 and 25eV are estimated for 
E (WP 4). The reactions leading to SF ion formation in both 
SF6 and SF5C1 are analogous to reaction 68 above so, on the 
assumption that the trend In the dissociative capture 
reactions observed in the other inorganic systems applies to 
WF6 , it is tentatively süggested that reaction 68 is 
responsible for 	ion formation and consequently that 
E(WF) z 25eV. 
13!, 
(r) Summary 
The electron affinities, bond dissociation energies 
and heatà of formation deduced in the course of this chapter 
are presented and discussed in Chapter. 9: 
The following points result from a comparison of this 
work with previous investigations of inorganic fluorides; 
With the exception of SF5C1, all the fluorides examined 
in this study formed stable molecular negative ions and in 
each case the attachment cross-section profile was similar 
to that exhibited by 5F6 thereby indicating a true 
resonance width less than or equal to the width of the 
electron energy distribution. 	Work on the fluorides of the 
row one elements9 SF3,103 CF 21 and NP39 3° has shown that 
molecular negative ions are not formed whereas work on the 
second and third row group t fluorides, SIP 21  and GeF14 , 
and the group 6 fluorides, SF, SF6 and WF6 , has revealed 
long-lived molecular ions. 	These observations probably 
reflect the ease with which the captured electron may be 
accommodated in the unoccupied d-orbitals of these molecules 
and the increasing polarisability of the heavier molecules. 
The inorganic tetrafluorides are the smallest molecules 
(on a number of atoms basis) for which stable molecular 
negative ions were detected, only 9 internal degrees of 
freedom being available for absorption of the translational 
energy of the incident electron. 	The perfluorocarbon with 
a comparable lifetime to SF 	(Ta = 162 2sec.) is n-%  F10 
(T9 = 127 psec.) which has 36 internal degrees of freedom. 
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A distinct trend was found in the dissociative capture 
processes occurring in the group L tetrafluorides. The 
following ion formation reactions occurring in Gap are 
compared to those found In SiF2l  where vertical onsets at 
relatively high electron energies were also a feature of the 
observed behaviour: 
F ion formation 
P - ion formation 
2 
GeF+e 61,  F+F+0eF2 
Sir U+e_14 F+F+SiF2 
Ge? +e - 	F+GeF L. __ 2 	2 sip + a 	F2 + 
secondary ion formation Ge? - + Ge? 62,  Ge? - + Ge? 
SiF3 + SiF 	v Sip + SIF2 
In contrast to the group L fluorides, the fluorides of 
group 6. SIPU, SF60 SF501 and WF6 , were found to undergo 
dissociative electron capture processes by the suodessive 
stripping of fluorine atoms from the molecule, e.g., r ion 
formation in SP 6 
+ a 69, F + SF  
11, F 
+SF+F 
12 ) F + SP  + 2? 
13 
F + '2 + 3F 
In no case were there clear examples of processes involving 
the formation of neutral intramolecular rearrangement 
fragments (P2 or Pal), although the corresponding ions Were 
detected in each system. 
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CHAPTER 6 
THE FLUOROPHOSPHINES; PP, PF2Q1, PF2NCO and PP2NCS 
A recent study of negative ion formation in PP3 by 
MacNeil and Thynne103 showed that, with the exception of F 
(formed by a non-resonance process), all ions were formed 
at high electron energies (>10ev) with vertical onsets. 
The availability of therino-chemical data for PF 3 and 
possible fragment species enabled analysis of the negative 
ion data to be satisfactorily carried out although no 
positive ion study was made. 
There are no values reported for the heats of formation 
of PF2GN, PP2NCO or PF2NCS and the thermochemical data for 
the nitrile and isothiocyanate fragments are reported with 
large uncertainties, there being no value reported for the 
isocyanate radical. 	A positive ion study of PP3 was there- 
fore undertaken in order to determine values for the 
ionisation potentials of PF2 and PP which could then be used 
in the interpretation of the positive ion studies of the 
PF2X compounds. 	- 
The positive ion data will be presented first, each 
molecule being discussed separately. This will be followed 
by a brief comparison of the positive ion data for each 
molecule, the same procedure then being repeated for the 
negative ion studies. 
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(a) Positive Ion formation 
(i) Phosphorus trifluoride, PP 3 
The positive ion mass spectrum of PP3 measured at 
70eV is shown in Table 6.1. 	Although doubly charged ions 
were observed they have been omitted from the spectrum as a 
detailed investigation of this molecule was not carried out. 
Table 6.1. Positive ion mass spectrum of PP 3 at 70ev. 
m/e Ion Abundance 
19 p 11 
31 P+ 67 
50 PF 56 
69 PF2 1000 
68 PP3 376 
The ionisation efficiency curves for the singly charged ions 
of interest, PF3t PF  and P?, are shown in Fig. 6.1. and 
the appearance potential data, calibrated against the 
spectroscopic appearance potential of argon (15'76eV), 15 are 
listed in Table 6.2. 
Table 6.2. Appearance potential data for the positive 
ions of PP 
3* 
ui/a Ion Appearance Potential 	(eV) 
50 ?F 212 ± 05 
69 	PF2 	15'14 ± 04 
88 	PF3 	 113 ± 02 
10 
9 























II 	 I 	 I 	 I 	I 	 I 	I 
10 ii 	'a i 	hf IS 	IG 1-7 19 	20 2$ 	22 	23 24- 
CORECTCfl CLECYROM ES4EAQY (@o-s%) a') 
Fig G-1 
138 
The ionisation potential of PF 3 , 113 + 0'2eV, 
determined in this study does not compare favourably with 
the photo-ionisation value of 97leV reported in the 
literature. 229,23 An independent photo-electron spectro- 
scopic investigation of PF 3 carried out in this department 6 
has, however, also arrived at a value close to that found 
in this study, i.e. 115 ± O'leV. 
Using known thermochemical data 27,23  the energetics 
for dissociation of PP  i.e., PP'3 	P  + 3F, may be used 
to estimate a value of 52 + 04eV for the average bond 
energy in the molecule. This may be compared with the 
calculated PP 2-Fbond dissociation energy of 56 + l'OeV. 
Because of the uncertainties associated with the literature 
data the calculated values are subject to considerable 
uncertainty. These data may, however, be usefully employed 
in conjunction with the appearance potential data given in 
Table 6.2. to estimate values for ItPF2 ) and I(PF). 
Substituting the value for the PP -Fbond dissociation 
1.0 / 
energy (565 ± Q -1'eV) and the appearance potential for the /( - Q 
pp 	ion (154 ± oL.aV) formed by reaction 1, into the 
expression: D(PF2-F) .. A(PF2)-I(PF2), 
PF3+e 	1) PF'2+F+2e 
a lower limit of 975 ± 1'4eV maybe estimated for the 
ionisation potential of PP2 . 	From Fig. 6.1 it is evident 
that the PF2  and PF4 ionisation curves are not parallel 
to the argon curve in the threshold region and this is 
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responsible for the large uncertainties that have been 
attributed to those appearance potentials which were compared 
at 0'5$ of the 70ev ion current. 
For reaction 2, using D(PF2-F) = 5-65 ± 9ieV and the 
D(PF-F) bond energy in PP2 calculated from thermochemical 
data to be 4v8 ± 07eV 
PF3+e 2)  PF+2F+2e 
in conjunction with the PF + appearance potential measured to 
be 212 ± 058V, a value of > 10•7 ± 22eV is estimated for 
I(i'p). There are no other reported values with which 
I(PF2 ) or I(?F) can be compared. 
(ii) Cyanodifluorophosphine, PF 2UN. 
The positive ion mass spectrum of PF2cN measured at 
70ev is given in Table 6.3. Typical ionisation curves for 
the selected positive ions investigated are shown in Fig.6.2. 
where the energy scale is referenced to the spectroscopic 
appearance potential of the CO ion formed from GO at 
140leV. 2 	A carbon monoxide/PP2 0N mixture was used in 
the calibration of the energy scale for both the positive and 
negative ion studies as there was not sufficient PP2CN 
available for the preparation of several calibration mixtures. 
From Fig. 6.2 it is apparent that the ionisation curves are 
almost parallel to the GO curve in the 3 to 0-3% threshold 
region and all appearance potentials, listed in Table 6.14, 
were reproducible to better than ± 0'3eV. 
TABLE G.3 
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Table 6.4.. Appearance potential data for the positive 
ions of PF2CN. 
m/e Ion Appearance potential (oy) 
26 CN 196 ± 03 
50 PF 19'4 ± 0'2 
69 PP 13'4 ± 02 
	
76 	PFCN 	15'? +0'2 
95 PF2CN 	116 ± 0'2 
The ionisation potential of PF2CII, 116 ± 02eV, may be 
compared to that of PIP3, 113 02eV. 
ion formation at 13'14 ± O2eV may be attributed 
to the reaction 
PF2ON+e 3 90 ?F2 +CN+2e 
Using the value of.t(PFa). = 9'8 ± 10 4eV estimated above, the 
PF2-CN bond dissociation energy is estimated to be 
, 36 + 1'6eV. 	From the appearance potential of the OM 
ion at 196 ± 0'3eV and assuming the absence of excess energy 
In reactions 3 and  Ii., 
PF2CN+e U) 
then, A(Pp2) - I(PF2 ) = A(CN) - 	I(ON), resulting in a 
value of 16'4 ± 2'OeV for the ionisation potential of ON. 
This is not in good agreement with the value of 14v2eV 
reported by Kiser. 22 In an attempt to resolve this dis-
crepancy CH  and 	ion formation from CH 3 M were 
111.1 
investigated and the appearance potentials were measured 
to be 167 ± 02eV and 231 ± Ot.eV respectively. 	Using 
these values in conjunction with the ionisation potential 
of the methyl radical, 98eV, 2 a value of l65± 06eV may 
be estimated for I(CN). McDowell and Warren5' have shown 
that the CN ion from CH3CN is formed with excess kinetic 
energy, in accord with Stevenson's Rule, 115 from which they 
concluded that an upper limit to I() must be 158eV. 
Combining this value with the appearance potential of the 
); ion from PF20 formed by reaction L, a value of 
D(PF2-CN) 5 38 ± 06eV is deduced; in good accord with the 
value estimated from reaction 3, C 36 ± 16eV. 	This 
agreement also serves to reconcile the value for I(PF2 ), 
estimated from the PP3 work, and suggests that the 
uncertainty associated with that value (975 ± l'LeV) as a 
result of the thermochemical data used in the calculations, 
is not a realistic representation of the uncertainty. 	In 
view of this, parameters estimated as a result of further 
calculations involving the use of I(PF2 ) or I(PF), will not 
be written with large uncertainties. 
If reaction 5 is responsible for PP ion formation at 
194 ± 0'2eV then, assuming that the strength of the P-F 
bond 
4 P?+F+CN+2e 
ruptured in the course of reaction 5 is equal to the PF-F 
bond energy in PP2 , calculated from thermochemical data to 
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be 14'8 ± 0•7eV, and the ionisation 
taken to be , 10'7eV, substitution 
D(P-P) + ]D(P-ON) c A(P?) - I(PF), 
£ 39eV for the P-ON bond energy. 
toent with the values of , 36 and 
potential of P1? is 
into the expression; 
results in a value of 
This is in good agree-
, 3'8eV estimated above. 
PFON ion formation at 157 ± O2eV can be attributed 
to reaction 6, 
?F20N+e 6,  PFON+F+2e 
Assuming D(?FON-F) t 48eV (the ?F—F bond dissociation energy 
In P1?3 ) a value of z 109eV is estimated for the ionisation 
potential of PFON. There are no other values with which 
this can be compared. 
(iii) Difluoro(isooyanato)phosphine, PF2NOO. 
There is a close similarity between the relative ionic 
abundances in the positive ion mass spectrum of PF 2NOO at 
70ev, shown in Table 6.5, and that of PF2ON shown in Table 6.3. 
Typical ionisation data for the selected positive ions of 
?F29CO investigated are presented in Fig. 6.3. 	The energy 
scale is calibrated against the spectroscopic appearance 
potential of A+/argon (1576eV) and the appearance potentials 
measured are shown in Table 6.6. 
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Table 6.6. Appearance potential data for the positive 
ions of PP2NCO. 
m/e 	Ion 	Appearance Potential (a) 
42 	NCO 	 176 ±0* 
69 	PF2 	 133 + 0•2 
92 	PWC04 	153 ± QLj 
111 	PF2NCO 	105 + 0'2 
From Fig. 6.3 it can be seen that the PF2N004 and PF2 
ionisation curves are almost perfectly parallel to the C 
ion calibration curve in the threshold region, whereas the 
PFWCO+ and  NCO+  curves do not show the same degree of 
parallelism. This must be taken into consideration when 
assessing the reliability of the NCO and PFNCO appearance 
potential data which are therefore subject to larger 
uncertainties. 
The ionisation potential of PF2N00, 105 ± O2eV, may 
be compared to the values of 116 ± 02 and 113 + 02eV 
for I(PF2 QN) and I(PF3) respectively. 
PF2 ion formation at 133 ± 0'2eV may be attributed 
to reaction 7, 
PF2NCO + e 	1'F2 + NCO + 2e 
Using I(PF2 ) = 9-6ev deduced above, the PF2-NCO bond dis-
sociation energy is estimated to be 4 3*5eV. 
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If NCO ion formation at 176 ± 04eV is a result of 
reaction 8, 
?F2NC0 + e 8, NCO + 	+ 2e 
then on the assumption that both 7 and 8 proceed without 
excess energy, i.e. A(PF'2 ) - I(PF2 ) = A(NCO) - I(NCO), 
then a value of 114' isV may be estimated for the ionisation 
potential of NCO. 	Stevenson's rule states that, for 
complementary reactions, only in the formation of the ion 
from the radical with the lowest ionisation potential will 
the products generally be found in their lowest states or 
without kinetic energy. 115 The bond dissociation energies 
estimated from the ?F2 appearance potential data are there-
fore expected to be more accurate than those values 
estimated from the e data and, for the same reason, the 
ionisation potential.. estimated for the isocyanate radical 
from reaction & is only expected to be an upper limit (as 
shown to be the case for I() estimated from GN+  ion 
formation from GH 3GN and PF2cN). 
From the appearance potential for ?FNCO+ ion formation 
by the following reaction, 
PP2NCO +. e 	, PPNCO + F + 2e 
at 153 ± 04eV and the PWCO-F bond dissociation energy, 
assumed to be equal to the PP-F bond energy in PP 2  (4' 3ev), 
a value of z 10'5 eV may be estimated for I(PFWCO). 	This 
may be compared to the value , l09eV estimated for I(PFCN). 
115 
(iv) Difluor'o(isothiooyanato)phosphine, PF2NCS. 
The positive ion mass spectrum of PF2NCS at 70eV 
which is presented in Table 6.7 may be compared to the 
spectra of PF2cN and FFICO given In Tables 6.3 and 6.5 
respectively. 	Typical ionisation data for the positive 
ions studied in PF2NCS are shown in Pig. 64 In which the 
energy seals is referenced to the spectroscopic appearance 
potential of the C ion from argon at 1576eVJ 5 From the 
figure it is apparent that the behaviour of all ions in the 
threshold region 15 similar to that of the C ion, only the 
NCS ionisation curve deviating from parallelism below 1%. 
The measured appearance potentials are presented in Table 6.6. 
Table 6.6. Appearance potential data for the positive ions 
of ?F2NCS. 
rn/s Ion Appearance Potential 	(eV) 
58 NCSt 156 ± 0•3 
69 PF2 125 ± 02 
108 14•8 ± 02 
127 PF2NCS 98 + 02 
From a comparison of the ionisation potentials of the 
oxygen and sulphur atoms, 136 and 103eV respectively, the 
Ionisation potential measured for PF2NCS, 98 ± O2eV is in 
the expected direction with respect to the ionisation 
Potential of PF2NCO, measured to be 105 ± 02eV. 
TABLE (a.? 
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ion formation at 125± 02eV may be attributed 
to the following reaction, 
10 PF2NCS + e 	PF2 +1105 + 2e 
Using this value in conjunction with the value of I(PF2 ) 
98eV, estimated from the PF3 data above, an upper limit of 
27EV is estimated for the PF2-N0S bond dissociation energy. 
Assuming reaction 11 is responsible for the appearance 
of the N0S ion at 156 ± 0'3eV, 
PF2NUJS + e 	NCS + PF2 + 2e 
then, it there is no excess energy associated with reactions 
10 or 11, A(PF2) - I(?F2) = A(N0S) - I(NCS), from which a 
value of -.12'9eV is estimated for I(NCS). 	This is in poor 
agreement with the value of1O14eV reported by fleer 22 
suggesting, in accord with Stevenson's rule, the presence of 
excess energy terms in reaction 11 or in the formation of 
NCS+ from CH3NOS, used in Kiser's determination, or in both. 
The value deduced above for I(N0S) -.'12'9eV, although it may 
be an upper limit, is more compatible with the value of 1141 
estimated above for 1(1100) than is 1014eV. 
The appearance potential of the PFw0S+  ion from reaction 
12 is measured to be 114'6 ± 0'2eV, 
PF2NOS + e 12)  PPWCC + F + 2e 
so, on the assumption that D(flWCs-F) z D(PF2-F) = 5'65eV, a 
1 
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value of Z 92eV is estimated for the ionisation potential 
of PFNCS. 	This may be compared to the values of ,, 9'7 and 
Z 101eV deduced for I(PRICO) andl(PFCN) respectively. 
(v) Discussion of positive ion data 
A comparison of the 70ev mass spectra reveals acme 
interesting trends: 
Each spectrum exhibits relatively high abundances of 
doubly charged tons and, although the singly charged 
PF2+ ion is the most abundant species in each case, the 
doubly charged PF2 ion is very nearly the least 
abundant of the doubly charged species. This suggests 
that I(PF2 ) is considerably higher than the ionisation 
Potentials of the other singly charged species from 
which doubly charged ions are formed. 
The total cross-section for positive ion formation in 
these molecules was found to be approximately the same 
and the abundances of the molecular positive ions 
relative to PF2t the most abundant ion in all three 
spectra, were found to reflect the values measured for 
their respective ionisation potentials. 
Molecule, fl2X PF2 CN PF2NCO PF2NCS 
PF2X 	abundance (arb) 217 840 860 
I(PF2X)eV 116 105 9'8 
Rearrangement ions were evident in each spectrum 
i.e. PN/PF2 G'N; PC, PO P , N0, PFC, ppj and ?F2O"/PE'NC0 
11 
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and PO/PF2NCS. The particularly large variety and 
high abundance of the 'rearrangement' ions detected 
in PF2NCO may be deceptive in light of the oxidation 
product PF20PF2 detected in the gas after short periods 
at room temperature, although ions such as PFC+  and 
P0 cannot be attributed to the fragmentation of this 
oxidation product. 
(Li.) 	In each spectrum the abundances of the PF and PF 2 
ions considerably exceeds those of the F? and PR? 
Ions respectively (where X = CN, NCO and NOS) but 
with the exception of PFCN, for which the Ionisation 
potential was found to be slightly higher than I(PF2 ), 
the Ionisation potentials of the PFX radicals are 
lower than that of PF, (-98eV). 	In order to reconcile 
this with the relative ionic abundances found it must 
be concluded that the P-X bonds are weaker than the 
corresponding P-F bonds in these molecules. 
A glance at the appearance potential data for PP  
ion formation in PP  (154ev), PF20N (134eV), PFIICO 
(1313ev) and PF2NOS (125eV) reveals that, if each process 
proceeds by single bond cleavage and no kinetic energy 
contributions are involved (supported by 	 rule), 
the following comparisons may be made; 
= D(PP2-GN) + 2OeV 
D(PF2-F) = D(PF2-NCO) + 2leV 
D(PP2-p) = D(PF2-NCS) + 2" 9ev 
Using the P1 2-F bond dissociation energy calculated from 
thermochemical data, 56eV, values of 3'6, 35 and 27eV 
can be estimated for the PF2-ON, PF2-NCO and PF2-NOS bond 
dissociation energies respectively. 
(5) 	The ionisation potentials (in eV) measured for the 
molecules PF2X and deduced for the radicals X are 
listed below with the spectroscopic ionisation 
potentials 22  of the nitrogen, oxygen and sulphur 
atoms for comparison; 
N 	(145) ON 	(<165) PF2 ON (116 ± 02) 
0 	(13.6) NCO 	(c].b,•l) PF2NCO (105 ± 02) 
S 	(lo•L.) NOS 	(<129) PF2NOS (98+ 02) 
It is evident from these data that the expected 
trend is maintained. 
(b) Negative ion formation 
(1) Phosphorus trifluoride, PF 3 . 
Negative ion formation in PP  has been investigated 
by MacNeil and Thynne 103 and only a brief summary of their 
findings will be reported here. Dissociative electron 
capture was found to occur with a low probability, the 
average capture cross-section being estimated to be two 
orders of magnitude lower than that for SiP 4 (which was 
found in this study to be comparable with Ge? 4 ). 
At 70ev the ions detected were F, F2 , PP-  and PP2 
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with relative abundances in the ratio i000:6:<1:<1; at 
their respective capture maxima the ions 	2F and 
were formed in the ratio 485:590:1000. With the possible 
exception of 	these ions were formed with vertical 
onsets at energies greater than 9eV. 	Y ion formation, 
onsetting —8eV, was found to rise gradually to a plateau 
around 16ev. Differentiation of this curve indicated that 
unresolved resonance processes were probably present in the 
low energy tail of the curve. 	The reactions responsible for 
ion formation in PF 3 are listed in Table 6.9 together with 
the appearance potentials and the minimum energy requirements 
calculated for each process. 
In order to reconcile the measured onset data with those 
reactions energetically favourable large amounts of excess 
energy had to be assigned to reactions 13 and 14 i.e., 
> 39 ± 12 + E(PF2 )eV and > 0'9 + 0'4 + E(PF)eV 
respectively. 
(ii) Cyanodirluorophosphin,, PP2  CM. 
Negative ion formation In PF2QN, as in PF3 , was found 
Table 6.9. Appearance potential data for PF, (MacNeil and 
1019+01 	15 'F2 + P + F lO'9+ o6 
Thynne t03 ) 
Ion 	Appearance 	Reaction, PF3+et 	A}Imjn(eV) Potential (eV) 
103 + 01 	13> PF2 + F 	56±10-E(PF2 ) 
114 ± 01 lb, PF + 2F lO5+O4-E(PF) 
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to occur with a low probability, the average dissociative 
capture cross-section probably being comparable with that 
of PP 3. The 70eV mass spectrum of PF2ON is presented in 
Table 6.10. 
Table 6.10. Negative ion mass spectrum of PF2CN at 70ev. 
rn/s 	Ion 	Abundance 
12 	C 	 05 
19 	r 146'5 
26 	CC 	 10000 
31 05 
38 0'5 
45 POt 0 1 9 
50 PY 01 
57 FCC <01 
69 10'2 
75 PFCr 08 
Si 02 
95 PF2 CN' 64 
The ions detected and measured at low electron energies 
Were Ct, PF2 , r and Pot with relative abundances in the 
ratio 1000:118:11:cl at their respective major capture 
maxima. 	?F' and the molecular negative ion PF2 0N 
were not detected at low electron energies. 	With the 
exception of Ct, formed abundantly at 0eV, ion formation 
was restricted to energies greater than LèV and in contrast 
to PF3 , for which only single resonance peaks were found, 
152 
several resonance processes were noted for all but the FCC 
ion. 	tonisation efficiency curves for the Y, GN, 
FCC and 	ions in the 2-9eV region are shown in 
Fig. 6.5(a) and (b) and the major F peak onsetting —9eV is 
shown separately in Fig. 6.6(a) and (b) together with a 
typical 0/CO peak included for comparison. 
In order to compensate for the low ion intensities 
observed it was found necessary to use higher than normal 
trap currents (up to 03 1sAmp) with a consequent broadening 
of the electron energy distribution. 	Since the 
deconvolution was carried out using the narrower energy 
distribution measured at low electron trap currents, the 
unfolded ionisation curves also reflect a broader energy 
distribution than normal. This is apparent from a 
comparison of the 0/CO data obtained under the conditions 
in this work (Fig. 6.6) with that measured at low trap 
currents (Fig. 3.9) where the shape of the electron energy 
distribution is more stable than at high currents. 	In all 
experimental runs however, the onset edges of the jt, CN, 
FCC and resonances at —Ii.eV could be matched with that 
of the 07a0 ion measured simultaneously indicating that 
the ions are formed by processes occurring with a vertical 
onset. 
Appearance potential data for the ions measured are 
given in Table 6.11, the vertical onsets being determined 
in two ways as before. 
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Table 6.11. Appearance potential data for the negative 
Ions of PF2CN. 
Ion 	Appearance Potential (al) Peak width 
Peak  at i- 
Superposition A Maximum Maximum height 	(eV) 
gradient (cv) 
Y 	146 + 0'1 + o'l 06 + 0•1 
non-vertical 91 ± 0•1 10 4 01 12 ± 0'1 
or non-vertical 00 —05 - 
146 + 0•1 4v5 + 01 1-1 + 0'1 
non-vertical 59 ± 02 614s0'1 05 + 0'1 
Resonance in the region of 9eV - diffuse; 
not unfolded. 
FON 4*+ 0 " 1  145+0•1 09+01 
PF2 46 ± 0.1 4.6 ± 01 10 ± 01 
non-vertical 58 + 01 6 '4+ 0-1 0'8 ± 0'1 
The 0N ion was formed abundantly over the entire 
energy range, the major resonance peak appearing at 
0'0 ± OleV with minor resonances at 14'6 ± 01, 5 6 9 ± 02 
and —9eV occurring to 15, 7 and 10% of the 0eV resonance 
intensity respectively. The zero energy peak was calibrated 
against the 	ion from SF6 examined simultaneously. This 
showed that the trailing edge of the CN resonance was much 
broader than the SF6 resonance which was undoubtedly- a 
consequence of the high background of or Ion current 
resulting from pyrolysis of PF2CN on the hot filament. 	L'his 
inference is drawn from the marked detrimental effect PF2 ON 
imposed on the filament lifetime (tungsten); an average 
154 
filament lifetime was found to be only 2fr hours of which 
less than 2 hours could be usefully employed in data 
acquisition. 	On removal of the filament after this time 
period it was round to be very brittle and the surface to 
be covered with a grey substance,, possibly tungsten carbide. 
However, the onset and peak maximum of the zero energy cC 
peak were reproducible and ion formation may be attributed 
to the following reaction, 
PF2CII + a 16, flj + PP2 
thus, D(P?2-cN) < E(cN). 	The electron affinity of the 
nitrile radical has been determined by two methods from 
which the following values have been reported; 36 ± OLteV 
from lattice energy caicuiations 8 and an average value of 
3'1 ± 03eV measured using the magnetron technique,U 
D(PF2-CM) is therefore estimated to be C 3'6 ± OLeV or 
31 ± 03eV respectively, i.e., average of 3L± 06eV 
which is in good agreement with the value of 3'6 ± 1"6eV 
estimated from' the positive ion data above. 
The vertical onset at 4•6 ± OleV probably corresponds 
to car ion formation by reaction 17 and CN ion formation at 
-'9ev to reaction 18, 
PF2CN+e 17, c}r+Pp+F 
18, err + P + 2? 
then, in the absence of excess energy terms and using the 
magnetron value for BON) in the expression, D(P-CN) + 
fl(P-p) = 	+ E(CN), and since D(PF2 -QN) < E(CN), values 
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of 46 and 44eV may be estimated for D(PF-F) and D(P-P) 
respectively. 	Although these values are significantly 
lower than the average bond energy calculated for PF 3) 
52 + OteV, the value of 16eV deduced for D(PF-F) is in 
good agreement with the thermochemical value of Lv 8ev and 
the value of IrLi.eV estimated for D(P-P) is in excellent 
agreement with the value of 1v5 ± lOeV reported by Gaydon 18 
for this bond. 
The small er resonance at 5•9+ 0'2eV must correspond 
to reaction 18 accompanied by the release of —13eV of 
excess energy. This may be compared to ion formation in 
PP3 where all reactions, except that responsible for 
ion formation, involved considerable excess energy. 
The 	ion appears with a vertical onset at 
46 ± OleV. from the magnitude of the PF 2 -cN bond 
dissociation energy estimated from reaction 16 above, 
i.e. D(PF2-CN) < 	the minimum energy requirement for 
the reaction, 
PP2CN + 	193 	+ CN 
in the absence of excess energy, is 31 ± 03eV - E(PF2 ). 
Since no such ions are formed below 4r6 + OleV the excess 
energy of reaction 19 is > 1'5 ± 04eV. A further resonance 
of lower cross-section onsetting at 58 ± OleV may 
similarly be attributed to the formation of by reaction 
19 involving > 2'5 ± 06eV of excess energy. The excess 
energy associated with the analogous reaction in PF3, 
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PF3 +e 11) PF2+F 
Is reported to be > 39 + 1'2eV. 103 Formation of PF2 
as a result of reaction 20 is not possible energetically 
in this energy range. 
PFaQN+e 20 
The (C-N) bond energy is reported to be 78eV16 but from 
reaction 20, assuming that D(?F2-ON) , 31 + 0 0 3eV and that 
the measured appearance potential, 58 ± OleV, is the 
minimum energy requirement of reaction 20, D(C-N) is 
estimated to be less than or equal to 27 + E(PF 2 )eV, which 
would impose an unreasonably high value on E(PF2 ). Reaction 
20 does not therefore appear to contribute to PF2 ion 
formation. 
From Figs. 6'5 and 6'6 it is apparent that F ion 
formation occurs as the result of two resonance processes. 
The first onsets vertically at 46 OieV and is about 66% 
as intense an the second resonance which onsets non-vertically 
at 901 ± OleV. There are three reactions possible in the 
energy range in which F ion formation is observed. 
+ e 21)  p + PFCN 
22, jr + PP + ON 
23) F + P + F + CM 
which, on the general assumption that D(P-F) 	5eV and 
D(P-cN) = 3eV, have minimum energy requirements of —15, 
—1•5 and —9'5eV respectively. 	It is therefore not an- 
reasonable to assign the onsets at 46 ± 01 and 91 	O"lev 
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to reactions 22 and 23 respectively. 	This being the case 
than from reaction 22, D(PF'-F) + D(PF-CN) C 46 ± 01 + E(P) 
and from 23, D(PP-P) + D(P-F) + D(P-ON) S 9•1 ± C'l + E(F). 
Using the value of E(F) = 34eV 6 and assuming D(P-cN) = 31 
± 03eV, values of —4'9 and —4y5eV may be estimated for 
D(PP-F) and D(P-P) respectively, in good agreement with the 
values of -4'6 and -44eV estimated above. 
Pressure dependence measurements for the formation of 
the For ion at I4.1.+ OleV showed it to be a primary ion and 
therefore formed by a reaction involving intramolecular re-
arrangement such as 24 or 25, 
+ • 	21i.,• FCN + PF 
25) FCN+P+F 
The minimum energy requirement of reaction 24 and 25, 
estimated using the value of D(C-N) calculated from known 
thermochemical data23 ' 123 (53 ± lOeV) and the heat of 
formation of PF2c2L deduced from reaction 16 (-3•5 ± 12eV), 
are 27+ l'6 - E(FcN) and 72 ± 16 -E(FCN)eV respectively. 
As reaction 24 would therefore involve 1'7 + E(FON)eV of 
excess energy it is most probable that reaction 25 is that 
responsible for FCN ion formation at LvL+ O•leV from which 
E(FCN) is estimated to be > 2•8 ± 17eV. 	There is no other 
value reported for this electron affinity but values of 
3.45,36 31 ± 03 and 29 ± 02eV6 have been reported for 
E(F), E(ON) and E(F2 ) respectively. 
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(iii) Difluoro(iaooyanato)phOsphine, PF 2NCO. 
The total electron capture cross-section (PF2NC0) was 
found to be less than that of PF2 CN or PIP2NCS (which were 
approximately equal) by it least an order of magnitude. 
Unlike PF2CN and PF2NCS, which were stable to oxidation under 
the conditions prevailing in the gas handling system, 
PP2NCO was found to contain traces of the oxidation product 
PF20PF2 . An infra-red analysis of the freshly prepared 
sample showed no traces of PF20PF2 suggesting that oxidation 
was taking place either during the transfer of the gas into 
the Inlet system or during residence in the inlet system. 
Despite precautions, i.e. storage of the PF 2NC0 at liquid 
nitrogen temperatures and baking of the inlet system before 
admission of the sample, the oxidation product could not be 
entirely eliminated. The ions PF2C and PFC present in the 
70eV negative ion mass spectrum of a freshly prepared sample 
shown in table 6.12 probably originate from this oxidation 
product. The PF20 ion, which was also present at low 
electron energies, was therefore investigated as a dissociative 
capture product of PF2OPF2 . 
Table 6.12. Negative ion mass spectrum of PF2NCO at 70ev. 
m/e 	Ion 	 Abundance 
12 C 3'2 
16 C 7O8 
19 6O73 
26 or 2283 
31 Lv 0 
38 26 
42 NCO- 10000 
66 PFO 6'9 
85 PF20 
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The ions detected at low electron energies were N00, 
PF20 . , F and Q1 appearing with relative abundances in the 
ratio 1000:1:03:<01 at their respective capture maxima. 
The CF ion was formed at zero energy with a very low capture 
cross-section, the shape of which was very dependent upon 
the filament temperature. 	OF ion formation is thus 
attributed to surface Ionisation following the pyrolysis of 
PF2NCO at the filament and will not be discussed in any 
further detail. 
Tpical lonisation efficiency curves for N00 and 
PF20" are shown in Fig. 6.7(a) and (b) and for P and the 
Second peak of PF20 in Fig. 6.8(a) and (b). 	The second 
peak of PP20, which was 50% as Intense as the low energy 
peak, was found to exhibit a vertical rise to maximum at 
threshold. 	This is readily seen in Fig. 6.6(b) by a 
comparison between the deconvoluted onset edges of the PF 2C 
and 07c0 peaks measured simultaneously. As a consequence 
of the lower energy PF20 resonance the ion current does not 
fall to zero In the energy region between the two peaks and 
so the onset edges do not match quite as closely as usual. 
However, as the weight of several experimental runs was 
clearly in favour of closely matched edges this resonance 
will be treated as having a vertical onset for the discussion 
below. 	Appearance potential data for the ions investigated 
are given in Table 6.13. 
ION FORMATION IN PF2 NC.O (Low ENERG.V) 
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Table 6.13. Appearance potential data for the negative 
ions of PF2NCO. 
ton 	Appearance 	Peak 	Peak Width at 
Potential (eV) 	Maximum (oY) fr-height (eY) 
	
46+Ot2 	—6'3 	 —2 
'-9 	 110 ± 03 	broad 
11CC 	0'14 ± 01 	111 ± 0'1 	08 ± 001 
PP20 3 ± 0'1 1'1 ± 01 1'0 ± O'l 
Vertical 	- 4'8 ± 0'1 
NCOt ion formation onsetting at o'tL S 0 6 leV may be 
attributed to the reaction, 
P 2NCO + e 26, 11CC + PP2 
and therefore D(?F2-NCO) s 0-4 + O'l + E(NCO). Using the 
value of c 3'5e1 deduced from reaction 7 for the PP2-NCO 
bond dissociation energy, E(NCO) may be estimated to be 
—3'leV; approximately the same as the electron affinity 
of the nitrile radical measured by the magnetron technique 
(31 ± 03eV). 
Y' ion formation occurred as the result of two very 
broad resonances, the first onsetting at 4'6 ± O'2eV and the 
second at about 9eV. The second resonance was of lower 
cross-section, i.e. 25% as intense as the low energy peak, 
and much broader than the first peak, hence any attempts at 
deconvolution would have been futile. Because the peak 
onsetting at 14.6 + O•2eY was broad compared to the electron 
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energy distribution the profile of the unfolded peak shown 
in Fig. 6.8(b) may be either the result of an unresolved 
Second resonance (possibly from F ion formation In PF20PF2 ) 
or of ineffective deconvolution. The onset was reproducible 
however, and will be treated as representing F ion formation 
by reaction 27, analogous to the reaction (22) responsible 
for F ion formation in PF2CN. 
2F2N00+e 27)  F+PP+NCO 
From reaction 27, D(P-NC0) + D(P-F) < 14'6 ± 0'2 + E(F) so, 
using the value of E(F) = 3'45eV36 and D(2F2-NCO) 1 35 ± 
16eV deduced above, D(PP-P) is estimated to be 5, 4r5 ± 18eV. 
This may be compared to the values of —4 - 9 andL-46ev estimated 
for the corresponding bond In PF2ON. 
Assuming that reaction 28 is responsible for F- ion 
formation at —9eV 
PF2NCO+e 28 )p+p+F+NCO 
a value of —Z4 is estimated for D(P-F) which compares 
favourably with the values of'-4-5 and —144eV estimated for 
the corresponding bond in PF2cN and the value of 45 ± lOeV 
quoted by Gaydon. 
If ?F20  is formed as a dissociative electron capture 
produce of PF2OPP2, reaction 29 may be responsible for the 
resonance oneetting at 03 ± O'leV1 
PF20PF2 24 p?2- + 
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then, D(P?20 - ??2) - E(PP20) C 03 ± OleV. 	In the absence 
of any information on either D(?P20-PF2 ) or E(PF20) 
conclusions cannot be drawn regarding the magnitude of either. 
The resonance peak onsetting vertically at 48 ± 0-1eV 
was found, after deconvolution, to have a second resonance 
hidden in the trailing edge of the peak and appearing about 
6eV. 	If the onset at 16 1 OleV may be attributed to 
reaction 30, 
10 - PF20PF2 +5 	- P220+PF+F 
the shoulder at "6ev can be similarly attributed to reaction 
30 in which approximately 1eV of excess energy is involved. 
The formation of PF2 /?F3 and PP2ftF2CN  were also found to 
involve excess energy. Prom the onset at IrS ± OleV 
D(??-?) is estimated to be Li/S ± 0'20V again in fair agreement 
with the values of —14•9 and —Ir6eV  deduced from the equivalent 
bond rupture in PF2CN and -4'5eV for that in P19100. 
(iv) Difluoro(isothiocyanato)phoephine, ?P2NC8. 
The mass spectrum of PF2NCS measured at 70eV is shown 
In Table 6.14. As in the case of ?F 2NCO but not PF2CN,a 
molecular negative ion was not detected. 
The ions formed at low electron energies were 1103, 
8Th ON, F and PP'2 in the ratio l000:7:5:c0l:cO1 at 
their respective capture maxima. Of these the Nor, $ and 
CC ions were formed at approximately zero electron energy. 
The 8 and CC tons also appeared with vertical onsets around 
14eV, i.e. in the same place as the PP' 2 ion. 	Because of the 
Table 6.14. Negative ion mass spectrum of PP2NcLS at 70ev. 
rule 	Ion 	 Abundance 
12 	 cO•1 
19 P 17 
26 ON -  12'4 
31 r <0l 
32 2 - 5 
38 F2 cQ'l 
58 NO3 10000 
69 PP2 01 
low capture cross-section of PF2NCS (comparable with that of 
PP3 and PP2cJN) high trap currents had to be employed thus 
involving high filament temperatures at the lower electron 
energies. Surface ionisation was therefore marked during 
this study and the or and 8 peaks at '-0eV shown in 
Fig. 6.9(a) and (b) are attributed to this process. 	The 
Nor ion also appeared at OeV but in this case the background 
ion current, which extended over the entire energy range, 
occurred to a much lesser degree relative to the peak maximum 
ion current intensity, i.e. <1%, than did the background ion 
currents of CC or S (each —15% of the 0eV ion current) 
apparent in the trailing edges of the 4eV resonances which 
do not fall to zero current'. Although the NCS Ion 
current has been shown in Fig. 6.9 as falling to zero at about 
25eV this was only for ease of presentation and in tact 
although the background NCS Ion current was less than 1% 
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of the 0eV peak maximum current it was still more intense 
than any of the other ions detected at low energies. 
Because of this and the reproducibility of the cross-section 
profile under different source conditions, N08 ion formation 
at 0eV is considered to be the result of a dissociative 
capture process with a background surface ionisation current 
superimposed. 
Appearance potential data for ion formation in PF2NCS 
is shown in Table 6.15, the vertical onset data being 
presented In two ways as before. 
Table 6.15. Appearance potential data for the negative 
ions of ?F2NCS. 
Ion 	Appearance Potential (eV) Peak Width 
Peak at 
Superposition t3 Maximum Maximum i-height 
of edges gradient (eV) (eV) 
F 	Non-vertical 63 ± 02 7'8 ± 0'2 —15 
Non-vertical 89 ± 0'2 107 ± 02 14 ± 01 
CN 4-2 + 01 
S Le.'2±01 
NOS Non-vertical 
1y2 ± 0']. 
.3 ± 0'l 
00 ± 0'l 
08 ± o"l 
O'S 	O'l 
06 ± 0'1 	06 	o'l 
PF2 	I3±0l 
	
0'9 ± o'i 
The appearance potential of the NCS ion, calibrated 
against the SF6 /P'6 ion, was round to be OO± 0'1 and may 
be attributed to the reaction 
PP2NCS + 	NO3 + PiP2, 
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From the equation D(PF2-NOS) c A(NC5) + E(NCS), the 
PF2-NCS bond dissociation energy is estimated to be 
C 2'2 ± O'leV, that is, the electron affinity of the iso-
thiocyanate radical reported in the iiterature. 0 This is 
in fair agreement with the value of 27eV estimated for this 
bond from the positive ion data above (on the assumption 
that D(FF2-F) = 56eV). 
PF2 ion formation onsets vertically at 1y3 ± OdeV 
and may be the consequence of the reaction 
PF2NCS + e 32,  ?F + NCS 
for which the minimum energy requirement is 22 ± 01 - 
E(PF2 )eV. 	Although this would involve more than 22 + 01 
+ E(FF2 )eV of excess energy it would be in line with PF 2 
ion formation from PF3 and PF2 CN where more than 39 ± 12 
and 1'3 ± 0'5eV of excess energy accompany the analogous 
reactions. 
From Fig. 6.9(b) it can be seen that a peak of lower 
cross-section onsetting at 56 ± O'leV is revealed after 
deconvolution of the experimental PF2  ionisation efficiency 
curve. 	Ion formation at this energy may correspond to 
reaction 32 with an extra 13 ± OdeV of excess energy or 
more probably to the following reaction 
PF2NCS+e 33) PF2+NC+S 
from which, on the assumption that the NC = bond energy is 
not too different from the SC = S bond strength reported by 
RIM 
MacNeil and Thyrrne6O to be < 5 40 ± O3eV, a value of 
1'6 ± 0'5eV is estimated for the electron affinity of the 
2 radical, although there are no other values with 
which this can be compared it is generally found that 
fluorinated radicals exhibit higher electron affinities than 
the corresponding hydrogenated radicals. This is illustrated 
in Table 6.16 where the electron affinities reported for 
various hydrogenated radicals are compared to the corresponding 
fluorinated species. 	In view of this trend E(PF2 ) > 16 ± 
05e1 does not appear to be an unreasonable value. However, 
assuming that the onset at 43 ± OloV is responsible for 
ion formation by reaction 33 a value of 2 2 6 9 ± 0 6 5eV 
may be estimated for E(PF2 ) which, by reference to Table 6.16 
alone, also appears to be a reasonable value. 	Therefore, 
it is not possible using only Pablo 6.16 to make a choice 
between these two values, and In turn to decide upon which 
Table 6.16. Electron affinities of hydrogenated and 
fluorinated radicals. 
Hydrogenated 	EeV Radicals 
Fluorinated 
Radicals 	EeV 
l•08 cp 	 1'89 
NH259 	0•74 NH 	3'00 
PH259 1-26 PF2 	- 
CH 
3 
04 	038 	CF3O 	135 
OR 
3 
S4 	136 	CF3& 	180 
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of the two resonSices corresponds to ion formation by 
reaction 33. 
A consideration of the dissociative capture behaviour 
found in the other molecules studied (PP 
 32 
 PF2 011 and PF2NCO) 
may assist in resolving this problem. 	Considerable excess 
energy has to be assigned to the reactions responsible for 
PF2 ion formation in PF3 and ?F2 CN and in each case the 
resonance is found to attain maximum cross-section at the 
threshold. 	It is therefore not unreasonable to assume 
that ion formation in PF2NCS might follow the same trend. 
This being the case than the resonance onsetting vertically 
at 4•3 + O•leV would be expect.ed to correspond to 	ion 
formation by reaction 32 (in which > 21 ± 01eV of excess 
energy is involved) and that process onsetting at 56 ± OleV 
to correspond to reaction 33 from which E(PF~ ) is estimated 
to be > 16 ± 05eV. 	This explanation appears to be 
reasonable and as a consequence the PF 2 onset at 43 ± OleV 
is tentatively attributed to ion formation by reaction 32 
and the onset at 5•6 ± 0leV to ion formation by reaction 33. 
The Y ionisation efficiency curve is shown in 
Fig. 6.10(a) and (b). 	Because this ion is formed with 
a low capture cross-section abnormally high trap currents 
had to be employed (up to 05 j.sAmp) and consequently a low 
signal to noise ratio tolerated. 	From Fig. 6.10(a) it can 
be seen that the ion current rises below 6ev and a rough 
investigation suggested a further resonance at -4eV, in the 
same energy region as the PF2 , 011 and 8 resonances. However, 
P1.1;] 
the background signal was so high that the benefits of a 
detailed investigation of F ion formation below 6ev were 
offset by the unreasonably rapid filament corrosion resulting 
from the high trap current level necessary for such measure-
ments. 
After deconvolut ion of the experimental data shown in 
Fig. 6.10(a) the two resonances investigated were found to 
onset at 6'3+ 02eY and 89+ 02eV. 	Assuming that 
D(NC = 3) is approximately the same as D(SC = 3) < 5•0 ± 
01 30V, 60 D(PF-F) = 4'8eV and E(F) = 3'4eV 6 the minimum 
energy requirements for the following reactions, 
?F2NQS+e 344 F+PF+NQS 
35 )  pr + ?FNC + S 
36 F+P+NCS+p 
are estimated to be 36, 64 and 82eV respectively. Reaction 
34 may therefore correspond to the resonance appearing in 
the Lj.eV region, reaction 35 to that onsetting at 63 ± 02eV 
and reaction 36 to that at 8•9 ± 02eV. 
The small 0N ion peak in the zero electron energy 
region has already been discussed above and attributed to 
surface ionisation following pyrolysis of PF 2NCS on the hot 
filament. 	The resonance onsetting vertically at 4-2 - OleV 
may be formed as the result of the following reaction, 
e 	NC +3+PF2 
IMUF 
Using the upper limit of 22 ± OleV deduced from reaction 
31 for the PF2- NOB bond dissociation energy in the 
following expression, D(PF2 NCS) + D(N08) . 4v 2 2. 01 + 
E(CN), where E(CN) 	is taken as 31 ± 03eV, a value of 
c 51 ± 05eV is estimated for the NC=8 bond dissociation 
energy in the absence of excess energy. This may be 
compared to the value of c 5•0 ± 0•3eV reported by MacNeil 
and Thyme 60  for the SCzS bond dissociation energy which 
has already been used above as an approximation to the N08 
bond strength. 
As in the case of arC ion formation at zero electron 
energy, S ion formation at zero electron energy is 
attributed to surface ionisation. 	The major peak, onsetting 
vertically at 42 + OleV,tnay be the result of one of the 
following react ions, 
PF2NCS + e 38, 	+ PF2NC 
3 + PF + NO 
Using the known value of E(S) = 21eV5 9  in conjunction with 
D(NC=S) estimated above to be —< 51 ± 0'5eV, the minimum! 
energy requirements of reactions 38 and 39 are calculated 
to be 3•O+ 005 and 5•2 + 06eV respectively. 	Reaction 38 
is therefore proposed as that responsible for S ion 
formation at 4/2 ± 01eV. Reversing the argument and 
assuming the absence of excess energy in reaction 39 the 
NC=S bond dissociation energy is estimated to be 1v 1 ± 
02eV. There is no other value with which this may be 
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compared besides that of C 51 ± 0 '5eV deduced above 
(reaction 37). 
(v) Discussion of the negative ion data 
Thefluorophosphines investigated were all found to 
exhibit low dissociative capture cross-sections, PF2NCO 
being lower than the others by over an order of magnitude. 
As a consequence of these low cross-sections, high trap 
currents were employed and the resultant enhanced surface 
lonisation at low energies (-0ev) tolerated. 	Despite these 
difficulties useful dissociative capture data were obtained 
and reactions have been proposed to account for ion formation. 
The 70eV mass spectra, with the exception of PF2 ON 
shown in Table 6.10, were simple and straightforward. Only 
in the case of PF2 CN was a molecular negative ion detected 
and only in PF2 GN was a rearrangement ion, other than 
detected. 	From the first observation it is concluded that 
Ta (PF2CN) > 2 Paso. and from the appearance potential of the 
FCC ion at low energies (4 . 4 ± OleV) the electron 
affinity of the FON radical is estimated to be ?. 28  S 1' 7ev. 
During the course of the positive ion study it was 
assumed that the PF-F bond dissociation energy in PF2CN, 
?F2NCO and ?F2NCS was approximately similar to the equivalent 
bond in P?2, 4r8 ± 0'7eV, which was calculated using known 
thermochemical data. 23 ' 27 The PF-F bond strengths calculated 
from the negative ion data justifies this assumption, the 
average value being 4r 6 eV and the average P-F bond strength, 
14'4OV, comparing favourably with the value of 45 ± lOeV 
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reported for this bond in the literature. 18 
Because the electron affinities of the fragments 
resulting from dissociative electron capture are known 
accurately, the negative ion data can provide a more 
reliable estimate of the PP2 - X bond dissociation energy. 
The values deduced from the positive ion work were 
calculated using the ionisation potential of the PP 2 radical 
and are therefore subject to the large uncertainties 
associated with the thermochemical data employed in the 
calculation of D(PP2-F) = 56 ± lOeV which was used in the 
estimation of I(PP2 ). 	Table 6.17 lists the PF2-X bond 
dissociation energies deduced in the course of this work; 
those values in the first column are deduced from the positive 
ion data by a comparison of PP2 4 Ion formation in the three 
molecules and those values in the second column are 
estimated for the negative ion data. 
Table 6.17. 	D(PF2 -X) 
Ins' 
	 Bond Dissociation Energy (eV) 
Positive ion data Negative ion data 
PF2-CN 	c 3•6 + 1'6 	< 31 + 03 
PF2-NCO 	S. 305 ± 16 	C 30 ± 03 
PF2-NCS 	s 27 ± 16 	S 22 ± 01 
The bond dissociation energies presented in the right hand 
column of Table 6.17, being accurate within the uncertainties 
associated with the values reported for 	and E(NGS)) 
are those preferred. The PF2-NCO bond dissociation energy 
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was taken as being O'ieV less than the PF2-CN bond 
dissociation energy In accord with the relative appearance 
potentials of the PF2 ions. 	In view of this, the electron 
affinity of the NCO radical, which was estimated using the 
value of D(PF2 -NQO) deduced from the positive ion data to 
be —3leV, is now revised to 26 ± 04eV. 	There is no 
other value with which this may be compared. 
From Figs. 6'5 and 69 it can be seen that most of 
the negative ions measured exhibit a resonance peak at Or 
very close to the same electron energy. 	Following Dorman,, 118 
it may be suggested that this coincidence of peaks is due 
to the competitive dissociation of a single state of the 
molecular negative ions, PF2ON-  and PF2N05. 	This 
situation may be visualised as follows:- an impinging 
electron with the required energy adds to the neutral molecule 
into a 'compound-ion' state which is able to dissociate in 
a number of different ways. Each of the decomposition 
routes to form t, CN, FCN, and PP2 from PF20r and F, 
CN, 3 and PP  from PF2NCS* is possible but occurs with 
varying probability and thus all of the ions are observed 
close to the same electron energy, which is related to the 
energy of the 'compound-ion' st ate, but with an intensity 
proportional to the probability of the various dissociation 
paths. Small displacements of some resonances on the 
electron energy scale, relative to the energy at which most 
of the fragments appear, may be explained by the population 
of close upper energy states of the molecular negative ion. 
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The 4'6 ± 02eV F ion resonance from PF 2NCO may similarly 
be the result of such a decomposition, in this case involving 
an excited state of the PF2N00 molecular negative ion. 
The bond dissociation energies, ionisation potentials 
and electron affinities deduced in the course of this 
chapter will be listed separately in Chapter 9. 
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CHAPTER 7 
THE 0 3 and C PERPLUORO CARBONS 
The formation and relative stability of perfluorocarbon 
molecular negative ions have been discussed in detail in 
Chapter 4. As a continuation of a systematic investigation 
of negative ion formation by perfluorooarbona 17 ' 21 ' 9 the 
03 and 04 compounds listed in Table 7.1 have been examined. 
Table 7.1. The perfluorocarbons investigated 













pert luoro-normal-but ane 
pertluoro-cyclo-but ene 
pert luoro-cyclo-butane 
pertluoro- 1, 2-dimethyl cyclobutane 
The negative ion mass spectra measured at 70ev are 
presented in section (a) and discussed in three groups; 
Ci) 0/6 and C3F5, ( ii) a 4F6 
 -29 C4F8-2  and n-C4Flo  and 
(iii) cC4F6 o-04F'5 and l,2-C4F6 (CF 3 ) 2 . 	The ionisation 
efficiency data and comparisons with previous Investigations, 
when available, are given in the succeeding sections, each 
molecule being considered separately. The results are 
175 
generally summarised and discussed In the final section 
including reference to some limited data for hexafluoro-
butyne-2, 04F6-2, per fluorocyclopentene, C 5F3 and perfluoro-
normalbexane, 06F 
14' 
(a) Negative ion mass spectra 
(1) 0 3F6 and 0 3F8 
The negative io& mass spectra of 0 3F6 and 03F5 measured 
at 70eV are presented in Table 7.2. The r Ion intensity 
has been normalised to 1000•0 in each spectrum. 	The out- 
standing feature of these spectra is the low relative 
intensity exhibited by the other ions to that of the Y ion, 
a situation which is found for all the lower perficorocarbons 
(below 06). 	Reconciliation of this observation lies in 
the high electron affinity of the fluorine atom (3"45eV 6 ) 
and the number of such atoms available in the molecule. In 
the absence of values for the relative dissociative capture 
cross-sections for these molecules a direct comparison between 
the relative ionic abundances in OF6 and 03F8 would be 
unrealistic, each molecule will therefore be discussed 
separately and the fragmentation behaviour compared. 
Perfluoropropylene, 03F60 
Complementary ion formation will be considered first 
as the relative abundance of complementary ions, reflecting 
the relative probability for that particular dissociative 
capture channel from the transient molecular negative ion 
Intermediate state involved, should enable relative electron 
TABLE -7.Z NEGATIVE ION MASS aPEct1A OF 
C3FG ANt, q3r8 At tceV 
rn/s ION 
ASUDAN4CE 
cF3.cr= cPi. CFCFCF 
12 I-I. 
iq 1000-0 I000•o 
2z4- C27 12-2 0-I 
31 CF 5-2 0-2 
. 
SG 0-2. CO-i 




50 CFf 0-3 <0 
55 C3F 0-B 
0-5 <0-I 
69 CF-3-  I_S 223 
SI cr3-  
93 d3r37 i-a cd-i 
112 0-I 
119 aFs ta-C 
131 c3 r5 1I2 
ISO 0-I 0. 1 
0-3 
* MOLECULAR P1EQ-AT-rVE iON 
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affinities of the species to be determined and provide 
insight into the fragmentation paths favoured. The Y ion 
and the complementary ion 	are formed with relative 
abundances in the ratio 1000 to 11 at 70ev and 1000 to 66 
at their respective capture maxima suggesting that E(F) > 
where E(F) = 3*5ev. 36 
The structure of the 03F5 ion is bound to be speculative, 
If indeed a unique structure exists. 	The tertiary C-F bond, 
located at the central carbon atom, being the weakest, Is 
probably the most favoured candidate for rupture leaving 
the captured electron to reside in the vacant orbital lying 
In close proximity to the double bond. 	At low electron 
energies the 0 3F5 Ion exhibits a narrow resonance with a 
sharp onset clearly suggesting formation by a specific 
process and consequently an ion with a well-defined structure; 
the formation of C3F5 involving the rupture of primary, 
secondary and the tertiary C-F bond would result in a 
smearing of the resonance peak, these bonds having significantly 
different strengthsj24 The following structure may be 
tentatively proposed for this ion; CP 3 Z = CF2 . The effect 
of the extra electron on the molecular orbitals, particularly 
in the region of the double bond, is uncertain although it 
is envisaged that a change in hybridisation on the central 
carbon atom tending towards * linear ion would take place. 
The CF3 and C 2  F 3- 
 ions are formed in the ratio 1'9 to 
12 suggesting an approximately equal probability for formation 
and equivalent electron affinities. The most probable 
structure of the C 2 ion is that formed with retention of the 
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double bond, i.e. 0F = CF2 , and is therefore the lower 
analogue of C 
3 F  5  discussed above. The electron affinity 
of C2  P formed from C 2 has been reported to be 20 ± 02eV119 
which, as predicted above, is comparable with the electron 
affinity of the OF  radical which has been reported by 
several workers; 19 ± O•l, 2•1 ± 0.2119 and 20eV. 17 ' 122 
An important feature of the C 
3P6
spectrum is the 
absence of ions which would have resulted from cleavage of 
the double bond i.e. OF 3CY, which was not detected, and 
detected to only 003% of the jr ion current and 
which might, at least in part, be formed from the terminal 
CF3 group. The relatively high abundances of C 2 and 02F 
ions, 122 to 121, further suggests retention of the double 
bond, these species being observed abundantly, both in the 
70ev spectrum and by dissociative electron capture in CF2CH2.113 
Both these species have been reported to have high electron 
affinities i.e. E(C 2 ) = 28 + 0.5, 11 3 3.1120 and > 29eV 121 
and E(02F) Z 22 ± 0.7113 and > 33 ± 0'8eV.113 
The rearrangement ion F2 is formed relatively 
abundantly in perfluoropropylene and may originate by a 
rearrangement about the single C-C bond with perfluoroallene, 
CF2 = C = 2' as the neutral species. 	The ion C3F14 Th 
detected to only ooi% F ion intensity at 70ev, may be the 
complementary ion in this reaction thus suggesting that 
E(C3Fu) C E(F2 ) where E(F2 ) = 29 ± 02eV 
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Perfluoronormalpropane, 0 3F6 . 
The most significant complementary reactions occurring 
In perfluoropropane are those involving 0-P bond cleavage to 
form F and C 3 F 
7- 
 and C-C bond cleavage forming 0F 3 and 02F5. 
At 70eV Y and 0 
3 F 7 
 are formed in the ratio 1000 to 03 and 
at their respective capture maxima in the ratio 1000 to 0 4 
suggesting that E(P) ' E(C3F7 ) which is confirmed by values 
reported in the literature i.e. E(F) = 3'45eV 6 and E(C3F7 ) = 
2o and 24eV. 122 A structure cannot be unequivocally 
assigned to the pertluoropropyl ion as the C-F bond involved 
In ion formation may be a primary or a secondary bond. As 
Secondary C-F bond cleavage is favoured energetically the 
ion is tentatively assigned the iso-structure i.e. 
CF 
3- 
 and C2F5  are formed in the ratio 22 to 19 at 
70eV and 20 to 22 at their respective capture maxima which 
Suggests approximately equivalent electron affinities for 
these radicals. This is confirmed from the following values 
reported in the literature; E(0P3) 	20eV17122J119 and 
E(0 2F5 ) = 2.3122 and 2.4ev?7 
The differences between the spectra of perfluoropropylene 
and perfluoropropane are dominated by the retention of the 
double bond in the fragmentation behaviour of 03F6 and ion 
formation by the cleavage of successive C-C bonds in the 
saturated molecule, C 3F8. 	The influence of the double bond 
is further apparent in the formation of a 'long-lived' 03F6 
molecular negative ion but in the absence of the corresponding 
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C 3p8  molecular negative ion and also in the relatively high 
abundance of 02 species in the spectrum of C 3F6 . 
(ii) C4F6 2 sCF8_2 and nCLFjo 
The 70ev mass spectra of the 0 14 pertluorocarbons 
investigated are shown in Table 73. They have all been 
normalised to an r ion abundance of 1000.0 although absolute 
ion abundance comparisons between the molecules cannot be 
made, as explained above. 
The effect of unsatupation on ion formation i.e. the 
retention of multiple bonds in the fragmentation products, 
which was noted for C 	is also observed in these spectra. 
This is particularly evident in the absence of a CI?30(C2Fj) 
ion from 014F6_2 which would result from rupture of the triple 
bond and electron capture, similarly a CF3CF(C2p) ion was 
not detected from %P5-2. However, a relatively high 
intensity C2F5 ion was formed from n-%  P10 i.e. ? to 02F5 
is 1000 to 1114 at 70ev, the analogous bond ruptured in this 
case being a saturated C-C bond. 
A consideration of complementary reactions in hess-
fluorobutyne-2 leads to the conclusion that E(F) > E(C14F5 ) 
and that E(03F3 ) E(0F3) where E(F) = 3145eV 6 and E(0F3 ) 
2.0eV1417h119S122t 	Similarly the results from octafluorobutene- 
2 suggests that E(F) > E(C14F7 ) and that E(0F3 ) > E(0 3F5 ) and 
for perfluoronormalbutane E(F) > E(C 14P9 ) and E(0 3p7 ) 	E(CF3 ); 
E(C3F7 ) has been reported to be 20 and 214ev. 122 
As in the case of the 0 3F7 ion formed from 03F8 the 
tALE 7.3 NE&AmIVE IOt-J MASS SPECtRA or SOME 
C4 PERFLUOROCAR%Or-.JS At 70eV 
rn/ 
ABUNJIDAC-JCE 
C4F6-2 Cr-a n.C41`10 c-C4FG c.CF CsP(CPE)a 
12 C 0-3 0-6 C01 I-C 0-7 <0-I 
1000-0 1000-0 . 1000-0 1000-0 000-0 1000-C 
24 Cf G-G 24-3 o-q 26-I 3-I 4-3 
31 Cr 0-2 3-7 I-I 4-I 4-8 2-2 
34 C[ 0-7 1.3 <C-I 3-a I-C 1-2 
318 Ff 1-0 3-2 0-7 1-c. 2-0 2-5 
45 C.,F 2-I 33-5 2-I 2S-5 10-7 15-2. 
48 Cs c-I o.cl 
0 CFf 0-7 0-3 0-7 o- a-r. i-a 
35 car- I-S <0-I S-S 0-7 3.1 
C2 C2F2-  I-I 0-S 0-8 0-6 2-I 
47 CqF i-a 
69 cr3 11-5 E'-5 II-S 2-2. 7-c, 11-7 
7'}- C3f 3.5 0-$ I-S 0-4- 5-6 
SI C2r - 0-6 0-3 1-2 1-4 a-s 
86 CtfFj 0-I 0-I 0-4 0-4 
43 c3F 942-5 4-2 CO-I 51-1 0-4 11-7 
icc c2rc 0-3 
105 CS 0-3 
iiq c-2r5-- 113-7 2-8 
12'f C 4flj7' 0-I 
131 c3r5 20 <01 1-4 
145 CtFFr a-I -q 5-2 2-8 
ISO c3r4 <0-I 
162 CtFaj 
* 
97-a 0-9 20-5 
169 C3F7 8-5 
IV CqFf 01 <0-I 377 
193 car-, 
4 * 
zoo cq.r8 560-0 0-2- 12-4 
219 CiFcç I-s 
231 C5 F9 46.4 * 
238 C4F'o - <0-i 
262 CG,Fo 0-4 
281 CGFIC eo- I 
300 cerns 3095-c? 
* MOLECULAR NE-AtIvE ION 
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CLF9 ion probably has the iso-structure resulting from the 
rupture of a secondary C-F bond, the energetically favoured 
process. C2 ion formation in CuF6_2 and C 2 , C2F and 
ion formation in %F5-2 lend further support to the 
preferential retention of multiple bonds. 
The relatively high abundance of the 	ion from 
CF8-2 is interesting in light of 	ion formation in 03F6 . 
Following the same argument it is proposed that a terminal 
CP3 group and the adjacent tertiary fluorine atom is involved 
in the intramolecular rearrangement leaving the stable diene 
species CF2 = C = CF-CF 3' 	The C 4 F6 - ion detected in the 
spectrum may therefore be this diene negative ion. 
It is not unexpected that this ion is stable in view of 
the observation that both c_Cu?6 and Cu?6_2  form parent ions. 
(iii) c_CkF6a cCF3 and 1$2C4F6(CF3)2 
The most surprising feature of these spectra is the 
appearance of the CF 3-ion in the spectra of c_Cu?6 and 
and also the complementary ions 0 3 F 
 3 - 
 and 
respectively. The 0F3 ion has been previously reported 
by Reese.. Dibeler and Mohler 126 and by Bibby and Carterj25 
Rearrangement ions are also prevalent in the spectrum of 
i.e., 02F5 and the complementary species %F7 . 
Pressure dependence measurements at the resonance capture 
peaks of these ions indicated formation by a primary process 
therefore involving ring cleavage (release of ring stain) 
and Intramolecular rearrangement. The following reaction 
schemes are therefore proposed to account for CF 3-and 
ion formation; 
0F3 from O-C 4F6 
C-C 
4F6 + e 
	CF3 + 
where the C 
3 F radical may have the following structure 
subsequent to further rearrangement; 0F2=0=CF 
CFj from c-%  F8 	'.7 
o-C4F8 + e 2>  0F3 + 0/5 
where the C 3 P radical may have one of Several structures 
e.g. 0F 300F2 , 0F2 CF-6F2 or CP3 0FOF. 
from %F6 (CP 
C 
4F6 OF  3)2 + e 	 + 
again several canonical forms may be written for the 0P7 
radical; CP3 .0F200P2 , CF3CF=OF.bP2 , CP30P=C.CF3 and so on. 
Similarly the same reactions may be written to represent 
the formation of the complementary ions 0 3F3 , C 
3 F 5  and 
%F respectively. All of these ions were detected at 
low electron energies and comparisons of electron affinities, 
estimated on the assumption that the complementary reactions 
proposed above take place, with values derived for the same 
radicals formed in simple dissociative capture reactions 
lend support to these proposals. 
The following limits are suggested for the electron 
affinities of the complementary rearrangement Ions discussed 
above; E(C3F3 ) > E(0p3 ) from reaction 1, E(0F3 ) > E(0 3F5 ) 
from reaction 2 and 	> 	from reaction 3 where 
FIM 
E(CP3 ) = 2*OeV041719h122 E(C 2F5 ), 2-3t 122 2'4eV17 and 
from the Cf6 and %F5-2 spectra E(03F3 ) > E(0F3 ) and 
E(C 3F5 ) respectively, in agreement with the above 
conclusions. 
In 	 the most abundant ion was the molecular 
negative ion, 06F12 . 	The fragment ions expected from the 
removal of a CF3 aubstituent group, CF and the complementary 
Ion C 5F9 , are both present although surprisingly no C4F6 ion 
(which would be formed by the loss of two CF3 groups) was 
detected. The relative abundances of the 0F 3 and 05F9 ions 
are in the ratio 12 to 46 at 70ev and 2:100 at their 
respective capture maxima suggesting that E(C 5F9 ) > E(0F3 ). 
A comparison of the F Ion and (parent-F) - ion currents 
In these pertluorocyclic compounds suggests that 
E(C4F7 ) and E(C6F11 ) < E(F) where these fluorocarbon species 
may be cyclic or linear. 
In conclusion three distinct types of spectra may be 
identified.; 
(1) the spectra or the saturated linear perfluorocarbons. where 
fragmentation is dominated by successive 0-0 bond cleavage, 
the abundances of the possible alkyl ion fragments being 
determined by their relative electron affinities, 
the spectra of the unsaturated linear pertluorocarbons 
where the successive splitting of carbon-carbon bonds is 
terminated at the multiple bond, these spectra showing an 
abundance of ions containing the multiple bond unit, 
the spectra of saturated and unsaturated cyclic 
perfluorocarbons are similar in that they both exhibit 
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relatively high Intensity rearrangement ions, involving 
opening of the ring and fluorine atom transfer. Retention 
of the double bond as in the unsaturated linear perfluoro-
carbons is also prevalent in the fragments produced from 
c-CF6 . 
(b) Perfluoropropylene, 0 3F6 . 
The cross-section for dissociative electron capture in 
(as represented by total ion current) was found to be 
over an order of magnitude loss than in 0 3F3 under comparable 
ion source conditions. 	Consequently, of the ions detected 
at low electron energies, J 9 CF 3S C 
3 F 3- 
 and 03F5 , which 
were formed In the ratio 1000:5:17:66 at their respective 
capture maxima, only the F and C3F5' ions were formed with 
cross-sections amenable to a detailed investigation. 
Typical experimental data are shown in Figs. 7.1(a) and 
7.2(a) and the deconvoluted curves in Figs. 7.1(b) and 7.2(b). 
The energy scale is calibrated against the appearance 
potentials of the 0 ion formed from 802 at 4'2 and 66eV. 
In a previous Investigation of ion formation in C 3F6 , 
Bibby and Carter 12  reported F ion formation with an 
appearance potential of 19 ± OleV. The experimental 
ionisation efficiency curve shown in Bibby's thesis for 
this ion Is in close agreement with that shown in Figs. 74(a) 
and 7.2(a) and the peak maxima, as taken from Bibby's curve; 
35, 7'2, 120 and lUleV, are in good agreement with the 
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1814. 
From the appearance potential data presented in 
Table 7.4 and the ionisation efficiency data shown in 
Fig. 7.1 it is evident that all of the ions observed at 
low electron energies exhibit a resonance maximising at 
6'9eV. The width of the C 3 P resonance peak, shown after 
deconvolution in Fig. 7.1(b), is comparable with that of the 
electron energy distribution and it can be seen that the 
onset edge of the Y ion peak, although affected by the 
non-zero base-line ion current, bears a distinct similarity 
to that of the C 
3 F 5 
 peak, 	Collectively, these observations 
suggest that ion formation at 62eV, the onset energy of 
the G
3 F5
ion resonance, Is due to the multi-channel 
dissociation of a short-lived electronically excited 
metastable state of the molecular negative ion; 
36 + 562eV U
> 03F6_* 	,. 1, CFj. C 3P3 & 
with excess energy distributed as kinetic and/or excitation 
energy of the fragments. 
A similar explanation was advanced in Chapter 6 to 
account for ion formation in PF 2 CN and PF2NCS at 46 and 
4r 2 eV respectively and by MacNeil and Thynne t19 to account 
for C2P3ion  formation at 6'14eV from another perfluoro-
olef in, tetrafluoroethylene. 
Table ?. . Appearance potential data for CF6 
Ion 	Appearance 	Peak 	 Peak Width at 
Potential(eV) Maximum(eV) 	-height(eV) 
19 ± 01 	3•3 + 0•1 	14 + 01 
165 
5'7± 02 69+01 
78 ± O'2 shoulder 
98 ± 03 121 ± 02 
136 + 03 
03F5 265 + 01 355 + 01 
62 ± 01 69 ± 01 
CF 3- —6 69 
03F + 02 5 4 7 	± 02 
shoulder 6'9 	± 02 
1.11 + 0•1 
—2 
0'9 + 0•l 
07 + O•1 
l'14. ± 02 
Assuming that the initial appearance potential for F 
ion formation, 1'9+ O'leV, corresponds to the reaction, 
C3F6 + e 	, F + 
then, using E(F) = 3145eV, 6 a value of 1 535 OleV may 
be estimated for the 0 3F5-F bond dissociation energy. This 
may be compared with other C-F bond dissociation energies 
reported in the literature i.e. D(C 2F3 -F) c 5'25 ± O'leVs 119 
D(C2F5-F) C 5'2eV17 and D(CF3-P) = 5•3eV) 30 Using this 
value in conjunction with known thermochemical 
the heat of formation of the C 
3 F 
 5 radical may be estimated 
to be < -6•8 ± 02eV. 	This species was tentatively 
assigned the structure CF 3-CCF2 in section (a).. 
PIEPIA 
Although five specific appearance potentials for F ion 
formation have been listed in Table 7•4 it is evident from 
Figs. 7.1 and 7.2 that ion formation is occurring extensively 
throughout the energy range above the first appearance 
potential at 19 ± 03eV. 	Because of this, and the generally 
poor quality of the thermochemical data available for 
fragment species, it is difficult to assign specific 
processes to each of these peaks, however, the minimum 
enthalpy requirements for some of the possible Y ion forming 
reactions have been estimated below: 
AHmin  
3F
6+ e 	6 	F' + CF3 + GPO? 16, 3'8 
- 
8 )F+CF2 +CFOF2  4*9 
6•L. 
10 F+F+CF3 +02F 7-5 
ll-),  76 
88 
+ F2  + CF + 01'2 98 
liLp F + 2? + 02? + OP'2  11.4 
12'? 
These minimum enthalpy values are subject to appreciable 
uncertainty, in some eases > 05e1. 	The two values shown 
for reaction 5 are those calculated using the two values 
reported for AH f (F02F) i.e. -2'2 ±0-727  and —0eV129 
respectively. The latter and more recent value is preferred. 
Thermochemical data suggest that D(CF3CF=CF2 )-2'8eV, so 
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reactions involving cleavage of this bond are to be expected 
and have been included in the above list i.e. reactions 9, 
U, 12 and 15. Evidence from the mass spectrum, however, 
was clearly in favour of the retention of the double bond 
following fragmentation thus suggesting that D(CF 3CF=.CF2 ) > 
D(0F3-0F0F2 ), where this latter bond is calculated to be 
414eV from thermochemical data. 
Fig. 7.1(b) shows that the first r ion peak onsetttng 
at 1•9 ± O'leV is broader than the other peaks and it is 
suggested that reaction 6 contributes to the trailing edge 
of this resonance. The resonance onsetting at 57 ± 0'2eV 
has been discussed above in relation to the decomposition of 
a metastable state of the molecular negative ion. 	The 
actual process involved, however, cannot be unequivocally 
identified although reaction 9, with a minimum enthalpy 
requirement of 614eV, and reaction 59 involving translational - 
energy and/or internal excitation of the C 3F5 radical and 
which is the complementary reaction to that resulting in 
0 
3 F 5  ion formation by this mechanism, are favoured. 	The 
low intensity resonance seen on the trailing edge of this 
peak (Fig. 7.1(b)), with an appearance potential at 78± 
0'2eV, may correspond to reactions 10 or 11 and any or all 
of reactions 13, 114 and 15 may be responsible for the onset 
at 98 ± 0'3eV and at higher energies respectively. 
Although this method of process assignment is inevitably 
speculative it remains the most useful approach in the absence 
of more accurate thermochemical data. 
Ltst 
Two dissociative capture processes are noted for 
ion formation; the procesO at 62eV has been discussed 
above in. relation to decomposition of a short-lived state of 
the molecular negative ion, i.e. 
03F6 + 66'2eV 	C.Ff, 	
16. 	+ F 
where the excess energy is distributed as internal excitation 
of the 	ion and/or translational energy of both fragments. 
Ion formation at 2•65 ± OleV must be the result of the 
following reaction, 
03F6+e 17>  03P5+F 
Assuming the absence of exocS8 energy in reactions 5 and 17 
then, A(Y) + 3(F) = A(C 3F5 ) + E(03F5 ). Using the reported 
value of 345eV 6  for E(?) the electron affinity of the C 3 F 5 
radical is estimated to be 27 ± O2eV. There is no other 
value with which this may be compared. 
The CF ion intensity was too low to facilitate a 
detailed investigation; the maximum ion current was recorded 
at 6•9eV with an estimated appearance potential of 
approximately 6ev. Reactions 18 or 19 may be expected to be 
responsible for CFj ion formation at this energy 
C3F6 + eo.36v 	4 C3F6' 	18) CF  + OF + CF2 
14 0F3 + F + CCF2 
Assuming E(0F3 ) = 2.OeV4t 1 " 9h'22  reaction 18 has minimum 
enthalpy requirements at 5leV. 	The energy requirements 
of Reaction 19, involving retention of the double bond, 
IM 
cannot be estimated in the absence of a value for Au(CCF 2 ). 
If it is now assumed, in the light of the 70ev evidence, 
that reaction 19, Involving retention of the double bond, 
is the favoured reaction path then, using 62 + O'leV as 
the minimum energy requirement of reaction 19, a value of 
C + 1'O + 0'3eV is estimated for tH(CcF2 ) which may be 
compared to the following values: 
=286 ± 0.113, 131 a(Fc2P) = OeVl28 and 
-2•2 ± 0-7eV 027 and Aflf (H02F) = 0 ± 0-5eV.3 
Two appearance potentials were noted for the C• 3P3 	ion, 
the principal peak appearing at 17 ± 02eV; the second 
process could be seen as a low intensity resonance on the 
trailing edge of the first peak and was attributed to the 




 F 6 
+ 062eV 	 203' 
 C3F3- + 3F (or F2 + F) 
There are insufficient thermochemical data to enable 
calculations to be made for the initial appearance potential 
of this ion which, at 407eV, is probably formed by reaction 
20 involving 1? atom or molecular F2 formation and less 
excess energy than at 62eV. 
(a) Perfluoronormalpropane, 0 3F6 
At low electron energies the following ions Were 
observed to be formed by dissociative capture processes; F, 
F21 0F31 02F5 and C3F7 in the ratio 1000:01:19•8:22•5:04 
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at their respective capture maxima. Typical experimental 
ionisation efficiency curves for these ions, with the 
exception of F2'  are shown in Fig. 7.3(a) and the decon- 
	
voluted curves in Fig. 7.3(b). 	The energy scale was 
calibrated against the appearance potentials of the 0' ion 
formed from 302 at 42• and 66eV and the 3F6 ion from 
at OOeV. 
There have been three previous negative ion studies of 
perriuoropropanel22 ul24l)2  although, or these, only 
Lifahita and Grajowe?22 have previously observed 
has not been reported previously. the appearance 
potential data measured in this study are compared to the 
values reported from previous investigations in Table 7.5. 
Table 7.5. Comparison of appearance potential data for Cf8 . 
Ion 	 Appearance Potential (eV) 
This study Greenhaus132 Bibby12 Lifshitzl22 




2'25 + 01 2 6 07 + 009 2'5 + 01 20 + O'l 
C2F5 
	214.5 ± 0•l 199 ± 009 22 + Wi 17 + Wi 
03F7 	29 ± 01 
	- 	 - 	2 4 ±01 
In general the agreement is not particularly good, 
especially with the results of Lifahitz and Grajower) 22 
Examination of their data, particularly for the appearance 
potential of the Y ion which was obtained by drawing a 
linear section through a semi-logarithmic plot of the onset 
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region of ion formation, suggest that a somewhat bighrr 
value than 1•35 ± O'leV might be appropriate which would 
then bring the two sets of results into better agreement. 
Further, lower cross-section, resonances contributing 
to Y and 0F3 ion formation were identified In this study and 
have been included in the full table of appearance potential 
data shown below. 
Table 7.6. Appearance potential data for 0 3F3 . 
Ion 	Appearance 	Peak 	 Peak Width at Potential(eV) Z4aximum(eV) 	4-height (eV) 
1'8 ± 0'1 315 + 01 
43 ± 002 inflection 
2'2 + 0'2 3'35 + O2 
CF3 2'55 ± O'i 365 1.0-1 
inflection 
5'25 ± 0'1 575 j O'l 
02F5 245 ± 0•1 3045 + 0 0 1 
C 3F{ 29 ± 01 3695 ± oi 
l25 + O•1 
1•6 + O•2 
125 + O'l 
l'05 ± 0'l 
115 ± 0•1 
Using reported thermochemical data 127 the minimum 
enthalpy requirement for reaction 21 is calculated to be 
13 or 19eV, depending upon whether the C-F bond involved 
in ion formation is secondary or primary and therefore 
whether the propyl radical fbrmed is the iso- or normal-variety. 
21 F+C3F7 
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As the C 
3 
 F 
7  fragment cannot be identified as being of either 
structure and no break in the ionisation efficiency curve 
was observed, which might suggest that both fragments may 
be formed at different electron energies, the following 
relationship; D(F-C.F7 ) c A(F) + E(F), where E(F) = 3'145eV,6 
may be used to estimate an upper limit of 525 ± OleV for 
the C/7-F bond dissociation energy. This value compares 
favourably with other C-F bond dissociation energies which 
usually lie in the range 50 - 5'4eV e.g. D(F-C 3i 5 ) c 
535 ± 01 (above) and D(F- 02F3) < 5'25 + 0'leV. 119  
From Fig. 7.3(b) it is apparent that a second process 
onsetting at Lj•O O.2eV is appearing as an inflection on 
the trailing edge of the F resonance peak. 	Reactions 22 
and 23, which have minimum enthalpy requirements of 1r2 and 
4 0 7eV respectively, may account for the ion current observed 
in this energy range. 
C3F5+e 22)  F+0F2+C2F5 
23) Y + F + 
0F3 ion formation appears initially at 255 ± OleV 
with a second low cross-section resonance onsetting at 
525 ± 01. The main peak is found to be asymmetric and 
the deconvoluted runs indicated an inflection on the trailing 
edge of this peak at -45eV. 
Cf8 + • 24 CFj + 02F5 
OF + CF2 + OF  
+ F + C 2 
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Reactions 24, 25 and 26, which have, minimum enthalpy 
requirements of 1 - 7, 4-5 and 53eV respectively, are proposed 
to account for the C 
	
ion formation observed. 	The stha1py 
requirement for reaction 24 has been calculated on the 
assumption that the strength of the C-C bond broken in the 
Process is 37eV, the same as the equivalent bond in 
Assuming that 2'55 ± OleV is the minimum energy requirement 
for reaction 24, and taking the electron affinity of the 
OF  radical to be 2'O+ 0leV, 4 ' 17 ' 119  the 0F3-C2F5 bond 
dissociation energy is estimated to be S 1v55 ± 02eV. 
Although this value appears to be unreasonably high compared 
with the hydrocarbon it compares favourably with the 0F3-C2F3 
bond dissociation energy which is calculated to be 44ev from 
thermochemical data. Reconciliation of a lower value for 
D(CF3-C2F5 ) with the observed data would involve the 
assignation of excess energy to reaction 24. 
If 02F5 ion formation at 245 ± OdeV occurs by 
reaction 27, the complementary process to reaction 24, 
03F3 + 	27) C2F5 + 0F3 
then, A(CF3 ) + E(0F3 ) = A(C2F5 ) + E(02P5 ) and a value of 
21 ± 02eV may be deduced for E(C2F5 ). As this value 
compares favourably with others reported in the literature 
i.e. 18 ± 0.2,124 1-95 ± 0.2
0 124 2.3122 and 24eV7 it is 
suggested that either (1) reactions 24 and 27 proceed 
without excess energy, in which case D(C2F5 - OF3) c 4 . 55 ± 
02eV or (ii) both reactions involve approximately the same 
1%. 
amount of excess energy. In either case the electron affinity 
of the pentafluoroethyl radical so estimated is expected to 
be accurate to within the uncertainty shown. 
The 0 
3 P ion, detected previously only by Lifshitz 
and oraJower) 22 was formed with a very low cross-section. 
Data for this ion are shown in Fig. 73 and a value of 
2'9 ± OleV measured for the appearance potential. 
03F5 + a 28)  C3F7 + F 
From reactions 21 and 28 and assuming no excess energy 
involvement the electron affinity of the heptafluoropropyl 
radical is calculated to be 235 ± 02eV. This may be 
compared with previously reported values of 2'O and 
ion formation occurred with a very low cross-
section. 	Measurexnentaat the resonance peak maximum showed 
a linear dependence of ion current on source pressure 
indicating that Ion formation occurs as the result of an 
intramolecular rearrangement process such as in reactions 
29 and 30, 
0 3F8 + 	29 	+ 36 
30 	+ (0F3 ) 2 C 
The first of these processes involves adjacent carbon atoms 
and the second involves only the secondary C-F bonds and 
results in the formation of the (CF 3 ) 2 0 diradical. 
Using known thermochemical data 0 127 reconciliation of 
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reaction 29 with the F2 appearance potential at 22 ± O2eV 
would require that E(F2) a 43 ± 02eV. This value is 
inconsistent with values reported in the literature i.e. 269 + 
0.265 and Z 28 ± 03eV55 and it is suggested that reaction 
29 does not contribute to ion formation. 	In the absence 
of thermochemical data for (CF3 ) 20, calculations for 
reaction 30 cannot be undertaken but this process is 
tentatively proposed to account for the ion formation observed. 
(d) Octafluorobutene-2, CuFa. 
Ootafluorobutene-2 was found to be a prolific source 
of negative ions at low electron energies and the following 
ions were detected and measured; F, F2 , 0P31 C3F3 , 03F5 , 
%F7 and %F8 formed In the ratio 1000:1:9:6:21:6:26 at 
their respective capture maxima. Typical experimental and 
deconvoluted ionisation efficiency data are shown in Fig. 7.4 
and 7.5 where the energy scales are calibrated against the 
appearance potential of the SP  ion from SP  at O0eV and 
the 0 ion from SO at 42 and 6 '6ev respectively. 
It can be seen from Fig. 7.5 that all ions, with the 
exception of %F/ which may have been formed with a cross-
section below that amenable to detection, exhibit coincident 
resonances onsetting at 	02, 78 ± 02 and possibly at 
9'8 ± O'2eV. This is consistent with the formation and 
subsequent multi-channel dissociation of metastable molecular 
negative ion states at these energies; 
ION FORMAT;oI'4 ir.J cr3 cF=crcr3 (Low ENEflG'1) 
CORECTE1D Et.ECtFON ENJERGV (eV) 
cogRccra Et_Ecro'4  
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CF8 + °78eV 32, 04F8 —*Y 0 F2 ,CF3 
04F3 + e q . 86V 	CVB-*** >F.F21 CF 9 C3F3 9C3F5Th...... 
This proposal follows that made in section (b) for the 
formation of a metastable C 3F6 ion state at –62eV. The 
lower energy found for the initial metastable negative ion 
state in C 
4 P8 is reconciled by the increased density of 
states available in the C4 system. The separation of the 
onset edges at kOeV, which are clearly seen in Fig. 7.5(b), 
are slightly outwith the experimental error expected in those 
measurements but such separations ha vs been explained by 
Dorman 118  as resulting from the population of close upper 
energy states of the molecular negative ion; The narrow 
resonance peak onsetting at l ± OleV may then 
reflect the true resonance width of reaction 1 consequently 
suggesting that two or more overlapping processes are 
contributing to the broader peaks exhibited by the other ions 
at this energy. Support for this suggestion is found from 
thermochemical calculations of the possible dissociative 
capture reactions in C 4 F8 
when it is shown that all ions may 
exhibit several resonances in the 5 - 9eV region. 
A detailed discussion of dissociative electron capture 
in CF8, comparable with those for 	and 0 3F8, is pre- 
eluded by the lack of thermochemical data for the neutral 
and negative ion fragments expected in such reactions. There 
Is a particular dearth of information for unsaturated fluoro-
carbon radicals and the quality of the limited data which 
are available as typified by the heat of formation of OFCF 
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reported in the literature; oev128 and -242 ± 0'70V. 27 
In the light of these difficulties an attempt will be 
made to elucidate reaction mechanisms by interpolating bond 
energies and beats of formation of structurally similar 
species deduced above or available in the literature. 
The appearance potential data measured for this molecule 
are shown in Table 7.7. 
Table 7.7. Appearance potential data for %F8. 
Ion 	Appearance 	Peak 	 Peak Width at Potential(eV) Maximum(eV) 	1-height(eV) 
	
3.9 ± 01 	5'5 ± 0-1 2'0 ± 0'1 
80 ± 0•2 90+0'2 	 - 
97±O'2 	10'7+O'2 - 
11'2 ± 02 12'4 ± 0'2 	 - 
F2_ + 01 5'7 + 0'1 1•8 + 0-1 
7'8 + 02 901 + 0'2 - 
97+0'2 - - 
CFj 4'0 + 0'1 5'6 + 0']. 18 + 01 
• 7'8+0-2 92±0'2 - 
10'0 + 0'2 108 + 02 - 
11•1 + 03 12-1 + 03 - 
03F3 
 4' 1 
 ± 01 56 + Ol 1'7 + 01 
8'0+Q-2 - - 
98±0-1 - - 
0 3F5 2"0 + 01 33 + 0•1 1-1 + 0-1 
j•.]. ± 0-1 4-65 0-1 0-9 ± Ol 
Further processes —9 and '-12eV 
018 + 01 1'65 + 0'1 0'8 + 01 
00 ± 0'1 0 '45 ± 0-1 0-5± 0'1 
UM 
A email F ion current was detected from the initial 
resonance onsetting at 39 ± OleV down to —0eV but the 
intensity was too small to enable a specific resonance to be 
identified. The minimum enthalpy requirement of reaction 34 
would be expected to lie in the range 17 to 20eV i.e. 
corresponding to a C-F bond dissociation energy of 5 -1 to 54eV. 
+ 34 .- F- + 
The occurrence of this reaction may be partially responsible 
for the F- ion current detected below 3ev. 
The next least energetically demanding processes, 35 
and 36, have minimum enthalpy requirements of approximately 
51 and 54eV respectively. 	m.tn reaction 36 was calculated 
on the assumption that AH 1 (CF3CFCF) 
3_5, F+F+CF6-2 
F + OF  + 03F5 
oH(CF3CCF2 ) which was found to be C -68 . 02eV from 
section (b). 	This being the case, it is concluded that the 
onset at 39+ OleV, discussed above in tents of reaction 31, 
corresponds to reaction 34 in which approximately 2ev of 
excess energy is involved. 
Reactions 38, 39 and UO have estimated minimum enthalpy 
requirements of 7'3, 9 and 99eV respectively and all or some 
of these may contribute to ion formation, 
04F3 + e 	, F + 0F30 + CFCF3 
36> r + OF  + CFCF + CF  
, 	+ F + CF3 C2 + OF  
ILO> s + OF 2 + OF + CFCF3 
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The heat of formation of the CP 3 C2 species was estimated from 
the appearance potential found for the C 3?3 ion from 
hexatluorobutyns-2 at 07 4 02eV. 
C4?6 + e 	 + CF 
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Using known thermochemical data134 the beat of formation 
of the 0 3F3 ion is calculated to be 1  -41 + 04eV. If 
the strength of the C-C bond broken in the reaction is ' -4ev, 
the electron affinity of the CF'3C2 radical is estimated to be 
about 336V (consistent with mass spectrum prediction) and 
therefore bIIf (0F3 C2 ) = -O8eV. 
Many such reactions may be constructed to account for 
? ion formation but the uncertainty associated with the 
thermochemical data used in the calculations precludes the 
unequivocal identification of specific reactions, particularly 
at high energies. 
Pressure dependence measurements showed that F2  ion 
formation occurred by primary processes throughout the energy  
range shown in Fig. 7.5. 	Therefore the following processes, 
with the estimated minimum enthalpy requirements indicated, 
may be responsible, 
AH min (eV) 
+ e 	F2 + CF3CCCF3 	 30 
F + CF2CCFOP'3 - 
UI., 	+ 2CF3C 	 - 
+ CF + C 3F5 	9.3 
46, 	+ CF2b + CFJCF 	9.9 
C 
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The onset at 14'2 ± OleV, already discussed in terms of 
reaction 31, may correspond to ion formation by reactions 142 
or 143 accompanied by the corresponding amount of excess 
energy i.e. —12eV in the case of reaction 142 which, 
involving the loss of both tertiary fluorine atoms, is 
that preferred. The reactions responsible for the remaining 
appearance potentials cannot be identified unambiguously 
although reactions 145 and/or 146 may be tentatively suggested 
as possible decomposition channels corresponding to 
reaction 33• 
After formation of the CF3 ion the accompanying fragment, 
C 3?5 , presumably has the structure CF3CFCF. 	Although the heat 
of formation of this particular fragment is unknown it may 
be assumed to be not too different from 6H 1 (CF3CCF2 ), which 
was deduced in section (b) to be < -68 ± 02eV. Because 
thermochemical data is also available for all combinations 
resulting from the fragmentation of CF 3CFCF the minimum 
enthalpy requirements (± —0'5eV) for the most probabl-e 
reactions have been calculated; 
t4 i(eV) 
C 14?8 + e CF 
3-
+ CFCFCF3 25 
b.8> CFj + OFOF + CF3  4-8 
> CF 	+ CF + 





CFC?+CF2 +F 87 
) 0F3'-f2CF+ CF  98 
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As there is insufficient energy available at 4'0 ± 
OleV to facilitate reaction 48 (assuming AII(CFCF) .O eV128 ) 
it is concluded that reaction 147, involving —12eV of excess 
energy, must be responsible for 0F 3 ion formation from 
reaction 31 at 140 ± 01eV. 	Reactions 48 and/or 149 may 
be responsible for ion formation at 78 ± O'2eV, i.e. from 
reaction 32, but as reaction 148 would involve over 3ev of 
excess energy reaction 149 is preferred; for the same 
reasons ion formation by reaction 52 at 98eV is tentatively 
proposed as the OF 
3-
forming dissociation channel of 
reaction 33. The remaining reactions are not excluded and 
the possibility of several processes contributing to the 
initial resonance peak onseteing at J.yO ± 01 has already 
been suggested. 
Although 03F3 ion formation occurs extensively 
(Fig. 75) the ionic structure involved need not necessarily 
be consistent over the energy range investigated. 	In the 
absence of rearrangement the following four structures are 
possible; CF3Co o CF2CFC, CF2 00F and CFCFCF, and there are 
no thermochemical data available for any of these species, 
except the value of -0'8eV estimated for AH f (OF 302 ) above. Thus, 
any attempt at process identification is futile. 
From Fig. 7.5 the C 3 F ionisation efficiency curve is 
seen to exhibit a peak at lower energies than the other ions. 
If reaction 53 is responsible for ion formation at 20 ± OleV 
C14F8 + e 	03F5 + OF  
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then, assuming D(C 3F5-0F3 ) is not too different from the 
analogous bonds in C 3F6 and C3P3 (which were calculated and 
deduced to be LrLs. and S 4v55 ± 02eV respectively) a value 
of > 2'4 ± O'3eV may be estimated for the electron affinity 
of the 0 3F5 radical. This may be compared to the value of 
27 ± O'2eV deduced for the C  5 radical formed from C 3F6 . 
Using available thermochemical data134t128129  and 
assuming that 20 ± OleV is the minimum enthalpy requirement 
for reaction 53 the heat of formation of the C 3F5 ion is 
calculated to be £ -97 ± 03eV. 	Subtracting the electron 
affinity, 2'4 ± 03eV, the heat of formation of the Cf5 
radical is estimated to be S —7'3 ± 06eV which is similar 
to the value deduced for the same species from 0 3 F6above, 
S. -68 ± 02eV. 	Using AHf (C3F5 ) 	—97 ± 03eV the minimum 
enthalpy requirements for reactions 54, 55 and 56 are 
estimated to be 59 ± 05, 9'4 ± 05 and llO 05eV 
respectively. 
CF8+e 	> C3F5+CF2+F 
CF'5 + CF + P2 
56 03F5 + CF + 2? 
It is not unreasonable to suggest that all of these reactions 
may contribute to ion formation and particularly reaction 55 
which is suggested as the decomposition channel of reaction 33. 
The CF7 and %P8 curves, measured simultaneously, 
are shown in Pig. 7.4. If the %F onset at O'B ± OleV 
may be attributed to the following reaction, 
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57 04F7+F 
then, if D(C14F7-F) —52eV a value of > 4*eV may be deduced 
for E(%F7 ). 	This value is undoubtedly high which inevitably 
reflects on the choice of 5'2eV for the C-Fbond dissociation 
energy involved in reaction 57. 	The tertiary 0-F bonds, 
being the weakest, are the most likely to partake in ion 
formation and Lifshitz at al) 35 used this assumption to 
estimate values of 3.5 and 39e1 for the electron affinities 
of the C 6piland 0 7F13 radicals respectively. 	In the same 
article a value of 31eV was estimated for E(0 5F9) and as it 
has been generally found that the electron affinity of 
pertluoro radicals increases as the series are ascended the 
value deduced above for E(%F 7 ) appears to be seriously in 
error. 	Lifshjtz estimated that the tertiary C-F bond 
energy was in fact close to 4r3eV.and using this value in 
conjunction with the CP7 appearance potential the electron 
affinity is revaluated to be —35eV. When viewed in 
relation to the electron affinities measured for the lower 
olefinic radicals in the series; 0 2F3 and 0 3F51 i.e. 
E(C2F3 ) =.20 ± 0.2119 and E(03F5 ) 	2'7 ± 0'2eV deduced 
from reaction 17, this value appears to be of the expected 
magnitude. 
The %F5 molecular negative ion, shown in.Pig. 7.14, 
has already been discussed in Chapter 4 where the ionisation 
efficiency curve, measured using a tungsten filament with 
a regulated trap current of 01 pMnp, is shown in Fig. 4.1. 
The more recent data shown in Fig. 74 was obtained with a 
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rhenium filament and a regulated trap current of only 
O'Ol sAmp which resulted in a sharper more stable electron 
energy distribution. 
(5) Perfiuoronornialbutane, 
The ions detected and measured at low electron energies 
In C 
4 
Flo were F, OF 3-t 
02F5 , C3F7 %F9 and %F10 which 
were formed with relative abundances in the ratio 1000:4i103: 
13:1:cl at their respective capture maxima. 	All of these 
ions were identified in a previous study of CF ç by 
Greenhaus; 132 Bibby and Carters 124,12$'  however, reported 
only the f, OF 3-0 02F5 and C 3F7 ions. Typical ionisation 
efficiency data measured in this study are shown in Fig. 7.6 0  
where the energy scale is calibrated against the appearance 
potentials of the 0 ion formed from 802 at 4•2 and 66eV. 
The appearance potentials measured are compared with those 
of previous studies in Table 7.8. 
Table 78. Comparison of appearance potential data for 




Bibby & Carter1 4' 1" 
20 + O'l 16 + 007 18 + 01 
3'8 + 01 
OF 
3- 23 + 01 LvO + 0'3 26 + Ol 
3'3+O2 - 
C 2  F 5 21 + 01 2'6 + 03 1'85 + 01 
38 + 02 
03F{ 2d + 01 36 + Q3 20 + 0.1 
%F9 22 ± 02 2'2 s 03 - 
-Li. 
00 ± O•l 	032 ± 0'3 	 - 
ION PtPM&T1ON IN CqFio 
(ci) DIRECt DAtA 
CORPECTSD LEcrRON a'-cv (av) 
(e) DECONJVOLLYTED 






























Except for the OP  and C3F7 appearance potentials 
reported by Greenhaus, there is generally good agreement 
between the three sets of data. 	Greenhaus reported that the 
low cross-section for ion formation in C 4 Flo precluded the 
full use of the RPD method and that the appearance potentials, 
other than F, were determined using an electron energy 
distribution obtained by retarding only the low energy half 
of the thermal distribution. The uncertainties introduced 
by this measure may only partially account for the 
discrepancies in Table 7.8 suggesting that the energy scale, 
which was calibrated by Greenhaus against the appearance 
potential Of the 	ion at 0'05 ± 0•03eV, may be in error. 
In Fig. 7.6(b) it can be seen that the t, CF 3 C2Fç 
and 	ions exhibit coincident resonances onsetting at 
21 ± O2eV. A low cross-section %F9 resonance onsetting 
at 22 ± 0eV was also detected suggesting the multichannel 
decomposition of a metastable molecular negative ion state 
at this energy; 
+ °2leV 	 ) 
F CF3 and C2F were also found to exhibit coincident 
resonances onsetting at 36 ± 02eV and Dibeler et al) 26 
and Greeihaus132 reported a second low intensity 
resonance at approximately L.eV. These observations are 
consistent with the decomposition of a second metastable 
CUF1O state at 38+ 02eV; 
C4  P 10 + e3.gev 
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Again this follows similar proposalS in Chapter 5 and in 
sections (b) and (ci) above for a metastable 0 3F6 state at 
6"2eV and metastable %F' states at 140, 78 and 98eV. 
The appearance of such states at lower energies in 
is in the expected direction (as mentioned in section (d)). 
The appearance potential data measured for C 4FIOare 
tabulated below, 
Table 7.9. 	Appearance potential data for 
Ion 	Appearance 	Peak 	 Peak Width at Potential(eV) Maximum(eV) 	-height(eV) 
2 1 0 + 01 	2'9 ± 0'1 	09 ± 01 
3.5 + 0.1 Iiiii ± 01 069 ± O'l 
CF3 	23 + 0'1 	3'2 + 01 	 - 
3-8 + 0'2 14'65 + 0'1 12 + 01 
C2?5 	2'1 + 0'1 	3'0 + 0'1 	019 + 0'1 
38 ± 0'2 Irti. ± 01 0'9 . 0'1 
2'1 ± 0'1 	2'9 ± 0'1 	08 . 01 
22 ± 02 	low cross-section 
0•0 ± 0'1 	low cross-section 
It is apparent from Fig. 7.6 that t ion formation 
occurs by two resonances which have been attributed to 
reactions 55 and 59, . 4 Assuming the CF9 radical appearing 
in reaction 60 to be of the normal variety, that is, the 
One for which 
+ e 60) F + %F9 
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thermochemical data is available, 127 the minimum enthalpy 
requirement for the reaction is estimated to be 19eV. The 
appearance potential at 20± OleV may therefore correspond 
to this reaction involving little or no excess energy. This 
presents an interesting situation as the least energetically 
demanding reaction, is that involving formation of the iso- 
radical. The occurrence of this situation in C 3P8 
also (reaction 21) Suggests one of the following; (1) the 
Secondary C-F bonds in these perfluorocarbons are in fact 
—53eV and the thermochemical data is in error, (ii) that 
the iso-radicals are produced in reactions 21 and 60 with 
-'06eV of excess energy distributed between the fragments, 
or (iii) that reactions 21 and 60 involve formation of the 
normal perfluoroalkyl radicals involving little or no 
excess energy and consequently that the published thermo-
chemical data is not seriously in error. 
Although it would be rather difficult to justify the 
preferential formation of the normal-perfluoroalkyl radicals 
the C-F bond dissociation energies calculated from reactions 
21 and 60, D(C 3F7-F) < 5'25 ± OleV and D(C4F9-F) < 5'45 + 
OleV, are in good agreement with the following primary C-F 
bond dissociation energies reported in the literature, 
D(CF3-p) = 5-38V 130 and. fl(02F5-p) 	525 ± 0'leV. 17 	It is 
therefore suggested that either (ii) or (iii). reflects the 
real situation. 
Reactions 61 and 62, which both have minimum enthalpy 
requirements of 35eV, are tentatively proposed 
Me 
+ 	61, F + F + 
62) 	
+ 02F5 + 
to account for F ion formation by reaction 59. 
From Fig. 7.6(a) it can be seen that the CF 3 ionisation 
efficiency curve is broad and may correspond to several over-
lapping resonances. The deconvoluted curve reveals the 
lower cross-section resonance which is apparent in the onset 
edge of the experimental data and also a smaller peak at 
"3' 7ev. This higher energy shoulder was not reproducible 
and is therefore attributed to ineffectual unfolding of the 
broad tail of the resonance. Spurious peaks sometimes occur 
after the deconvolution of peaks which are several times 
broader than the electron energy distribution. 
If the initial onset at 23 + O'lev corresponds to the 
following reaction, 
+ , 	63, C? 3- + Cf7 
then, using the established value for E(0F 3 ) = 26O ± 01eV14 ' 17 ' 
119,122 the CF3-C3p7 bond dissociation energy is estimated 
to be .S 493 ± 0'2eV. This is in good agreement with the C-C 
bond dissociation energies deduced above; D(0F 3-C2F3 ) 
. 4'4 and D(0F3-02p5 ) c 4'55 ± 0'2eV. 	Reactions 64 and 65, 
which have estimated minimum enthalpy requirements of 305 
and 4 6 0eV respectively, may both contribute to 
C4Flo + e 64 11 
65, 
ion formation at 38 ± 0'2eV. 
CF 1 + C2F4 + CF3 
0P3 + CF2 + C2?5 
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Assuming the C2 F5-02 F5 bond dissociation energy is 
not too different from the 0F 3-G3F7 bond strength deduced 
above then, if the 	appearance potential at 21 ± O'lev 
corresponds to ion formation by reaction 66, 
+ e 66> 2"5 + 02F5 
the electron affinity of the C2F5 radical is estimated to be 
—22 ± 0'3eV. This may be compared to the value of 2'1 ± 
0'2eV estimated from reaction 27 and values of 2.3122  and 
214eV 17 reported in the literature. This agreement lends 
support to the C-C bond dissociation energies deduced above 
which are 0•5 to 0'7eV higher than the corresponding hydro-
carbon bonds. 133 
6 	- 
+ 0 	7 - 02F5 + CF2 + CF3 
Reaction 67, with a minimum enthalpy requirement of 38eV, 
is proposed as the dissociation channel following reaction 59 
at 3'8 ± 02eV. 
The 0 
3 F 7-  ion exhibits a single Sharp resonance peak 
onsetting at 2•1 ± 0•lev. 	Providing reactions 63 and 68 do 
not involve excess energy, 
+ 	68> 03P7 + OF  4 10 
the expression A(CF3 ) + E(CF3 ) = A(C3P7 ) + E(C3F7 ) may be 
used to estimate a value of 22± 062eV for the electron 
affinity of the 0 3F7 radical. This may be compared with 
the value of 2'35 ± 0'2eV deduced from reactions 21 and 28 
above and values of 2'O4  and -24e022 reported in the 
literature. 
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The %F9 ion was formed with a very low cross-section 
at 22 ± 02eV in agreement with the result as reported by 
GreenhausJ32 If C 4 F is formed by reaction 69 (the 
complementary process to reaction 60) 
+ e 69,  %F9 + F 
the electron affinity of the CF 9 radical is estimated to 
be 3625 ± 03eV. There is no other reported value with 
which this may be compared except that deduced for the %F 7 
radical from reaction 57, -3'5eV. 
CF was found to have a low attachment cross-section,
10 
an 4- 108om.2; measurement of this required 
0F10 + e 70 
the use of abnormally high electron trap currents for the 
measurement of the ionisation efficiency curve shown in 
Fig. 7.6. For this reason the curve appears broader than 
that measured for %F5 shown in Fig. 7.4. 
(f) Perfluorocyelobut sue, cOF6. 
Perfluorocyolobutene was found to exhibit a low cross-
section for ion formttion;  only the ions 1C, C3pj, %F5 
and %6  with relative abundances in the ratio 1000:160:16;20 
at their respective capture maxima being formed with intensities 
amenable to investigation. A CF ion current was also 
detected at low electron energies but its low intensity 
Precluded measurement of the ionisation efficiency curve. 
Experimental and deconvoluted ionisation data are 
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shown in Figs. 7.7(a) and (b) respectively and the 
corresponding appearance potential data is given in Table 
7.10. The energy scale in Fig. 7.7 is calibrated against 
the appearance potential of the O ion formed from 802 at 
42 and 66ev. 
The observation of the 0F 3 ion in the 70ev mass 
Spectrum of c-%  F6 has been discussed in section (a) and 
its formation attributed to reaction 1 involving ring 
cleavage and fluorine atom transfer. 	In this scheme the 
C 3Fj ion was considered to be the complementary ion. Both 
of these rearrangement ions were observed at low electron 
energies and from Fig. 7.7(a) it can be seen that at least 
two resonance processes are involved in 	ion formation 
in the 0- 150V energy range. 	It is further apparent from 
Figs. 7.7(a) and (b) that all ions exhibit narrow coincident 
Table 7.10. 	Appearance potential data for a-C 
4V6 
Ion Appearance Peak Peak Width at Potential(ev) Maximum(eV) -k-height(eV) 
1•9 + 0.1 tl ± 01 15 ± O'l 
.4.9 shoulder - 
—59 	. 6•4 + 02 
-7'6 79 + 0'2 
97 ± 02 11'2 ± 0'2 18 ± 02 
C 3Fj 27 + 0•1 3 , 95± 01 11+ 01 
Shoulder - 
5-0 + 02 6'6 + 0'1 l•l + 01.1 
7•4 ± 0•2 7'8 ± 0'2 - 
%F5 365 + Ol ± 01 08 + 061 
5'65± O'l 655+ oi 0.9 ± 001 
060 ± 0'1 	0•145 ± 01 	0'5 ± 0•1 
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resonance peaks onsotting at 58 02eV, consistent with 
the decomposition or a metastable molecular negative ion 
state at this energy, 
+ 	
71) c-%  F6" - * F, C 
3 F 3-# 04F5s ...... 
This follows similar proposals in sections (b), (a) and 
(e) above. 
The resonances maximising around L.eV. have very different 
appearance potentials and the differences found in the peak 
maxima are well outwith the expected experimental uncertainty. 
For these reasons and the trend which has become apparent 
from the energy of the lowest metastable negative ion states 
identified in the molecules discussed above i.e. C 3F6 	at 
62 ± 0'2sV, 0 4F8* ,2 at IpO ± 0•2eV and CF10 at 21 ± 02eV, 
these resonances are not thought to reflect a further mete-
stable molecular negative ion decomposition. 
From Fig. 7.7 it can be seen that the initial r 
resonance peak exhibits a long tail on the low energy side 
culminating at the ionisation threshold, 19 ± OleV. The 
broad base of this peak may  be an indication that several 
overlapping processes are occurring, however, the onset at 
l9 ± O'leV may be attributed to the following reaction, 
O-C 4F6 + 	72 p + 
where it is assumed that a tertiary fluorine atom is involved 
In ion formation. The possibility that the %F 5 radical may 
undergo rearrangement to a 'linear' species during the reaction 
cannot be ignored, however, for the present argument it will 
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be assumed that C 
4 F represents the cyclic isomer. Then, 
from the following expression, fl(CuFs_F) < A(F) + E(F) 
where E(F) = 345eV, 6 the C-F bond dissociation energy is 
estimated to be £ 535 ± O'lev. 	If the measured onset at 
19 ± OleV is assumed to be the minimum energy requirement 
of reaction 72 than, using known thermochemical 
the heat of formation of the C 
4 
F radical is calculated to 
be c -56 ± 02eV. There is no other value with which this 
can be compared. 
The f ion is formed extensively over the energy range 
up to 13eV and many processes may be suggested to account 
for ion formation. The following examples, for which the 
minimum enthalpy requirements are shown, are proposed as 
contributory sources of ion formation in the 3 to 11ev region, 
h min hui 
O-C 
4F6 + e 	
73) F + 02F + C2F 38 
F + CF2 + C3?3 —1p9 
75b  F_ + CFCF + CFCF2 55 
76> F + C2? + 20P  6•8 
F+C?+CF2 +CFQF 82 
78 > F+C+CF+O2F lO•8 
Of these reactions, 73 is tentatively attributed to 
the initial resonance peak maximising at 14'1 ± OleV, 74, 
75, 76 and 77 to the resonances onsetting at —49 9 .599 
—76 and 97 ± 02eV respectively and 78 as a possible 
contributor to the broad low cross-section resonance peak 
In the 9- 13eV region. Reaction 75 therefore corresponds to 
the F dissociation channel from reaction 71. 
2114. 
If the complementary process to reaction 72 is responsible 
for the initial %F5 ion resonance onsettitig at 3'65 	01, 
c_Cu? 	9 6 + e 	% P - + F' 
then, in the absence of excess energy in reactions 72 and 79, 
the electron affinity of the %P5 radical is estimated to be 
17 ± 02eV. 	This value is considerably lower than those 
calculated above for linear perfluoro-radicals of similar size 
i.e. E(03F5 ) = 27 + 02 and > 2'4 + 03 9 E(03F7) = 235 + 02 
and 22 ± 02, E(C14P7) -35 and E(%  P9) = 325 ± 03ev, which 
may indicate that the 0
4
P5 species produced in reactions 72 
and 79 is the cyclic species and not the rearranged linear 
isomer for which the electron affinity may be higher. 
The second 0
4F5 
 resonance onsetting at 5'65 ± OleV 
has been attributed to reaction 71 and must involve > 20 + 
02eV of excess energy distributed between the fragments 1 
C-C 
4F6
+ e 80)04 F 	 + 
0 
3 F 3 - 
 ion formation has been attributed to reaction 1 
(Section (a)), 
+ a 	- C 
3 
 F + OF 
3 
If there is no excess energy involvement in this reaction 
at 27 ± OleV then, the heat of formation of the C 3Fj ion 
is estimated to be < -25 ± 03e1. 	The electron affinity 
of the C 
3 F 3  radical was predicted in section (a) to be 
greater than that of the trifluoromethyl radical, the 
complementary species In reaction 1, on the grounds of their 
relative abundances at 70ev and at their respective capture 
maxima, i.e. E(0 3P3 ) > 20 ± O'leV where E(CF' 3 ) = 2'0 ± 
0.leV4h u7 * 19 . 	An upper limit of -05 ± 04eV may therefore 
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be deduced for Alif (C3?3 ). 	There is no other value with 
which this can be compared. 






+ 0 84 	+ OF  + F 
+ a 820 	+ OF + 
require 66 ± 05 and 101 ± 0'5eV respectively. Reaction 
81 is therefore attributed to the observed onset at 5'9 ± 02eV, 
which corresponds to the C 
3 
 F dissociative capture channel 
from reaction 71. Accordingly the shoulders at —4'7 and 
7.4 ± O2eV can only result from reactions 1 and 81 
respectively In which —2ev of excess energy is involved in 
each case. 
The 	ion was examined simultaneously with the 
8F6 ion from SF and found to have an identical peak profile 
and energy scale parameters. The autodetaohment lifetime 
and attachment cross-section have already been presented and 
discussed in Chapter .j.. 
(g) Perfluorocyclobutane, cOuP8. 
The average dissociative electron capture cross-
section in o-C 1f3 was found to be approximately a magnitude 
higher than observed for c-%  F6 . Typical experimental and 
deconvoluted ionisation data are shown in Pigs. 7.8(a) and 
(b) respectively where the energy scale is calibrated against 
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12 and 66eV. 
The most conspicuous feature of Fig. 7.8 is the 
superposition of capture peaks maximising at 49 ± 01 and 
possibly at 85 ± 0'2eV also. 	Of all the ions detected at 
low energies, F, 1P2 , 0F2 , 0F31 03F5 and 	the 
ion is the only dissociative capture species which 
does not exhibit its major resonance maximising at 4'9 ± 0' 1eV. 
The 03F5 capture peak is, however, found to overlap the 
coincident peaks onsetting at 39 ± 0' 2eV and may therefore 
be composed of two unresolved resonances, the second 
corresponding to a process onsetting at 3'9+ 0'2eV. 	These 
observations may then reflect the multichannel decomposition 
of a metastable molecular negative ion state at this energy, 
C_CuP'e + °39eV 
834 c-CF8' 	> Y, P2-  0 CF2, OF 	C3F5',... 
The second set of coincident resonances may then 
reflect the decomposition of a second such state at 7'4 ± 
0'3eV, in the came energy range as a second metastable 
molecular negative ion state identified for 0u82' the 
olefinic isomer, at 7'8 + O2eV. 	Consequently reaction 81 
is tentatively proposed, 
t 
+ e7.ueV 8 hc-.ap 	It, F2 , CF2 ,. ... .. 
A third state, identified in 	as onsetting at 
98 ± 02eV, is suggested by the high energy resonance peaks 
for f and OF  ion formation which onset at 9'8 + 02eV. 
It is also apparent from Fig. 7.8(a) that an 	ion 
resonance was also found in this energy range, accordingly 
reaction 85 is an additional possibility, 
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+ e9,80v 	c-e'8 	) F, F'2 
Negative ion formation in c-%  F5 has been previously 
investigated by Bibby and Carter. 124 ' 125 The r and CFj 
ionisation efficiency curves were reported and shown to 
exhibit coincident maxima at 50 ± 02eV and to onset at 
3•7 (with a tail extending to 18 ± O'leV) and 39 ± OleV 
respectively, these values are in agreement with those 
measured in this study and which are shown in Table 7.11. 
Table 7.11. Appearance potential data for c-C 4Ft3 . 
Ion 	Appearance 	Peak 	 Peak Width at Potent ial(eV) Maximum(eV) 	-height(eV) 
3.7 + O'l 	495 + 0'1 	1•2 + O'l 
6'6 + 0'2 7'4 + 02 - 
7'5 + 0'2 8'6 + 0'2 12 + 0'2 
lO'O + 0'2 10'8 + 0'2 165 + 0'2 
+ 0 ' 1  4'95 + 01 1'2 + O'l 
6•3 ± 0'3 85 ± 03 ) 
93 ± 0'3 10-4 O'3 
)doublet 
CF2 3'85 + 01 4'95 + 0'l l'l + 0'1 
72 + 0'3 S'S + O'l 1'3 + 0'2 
97 ± 0'2 1112 ± 0'2 13 ± 0'2 
CFj 3'85 ± 01 4'95 ± 0'1 13 ± 0'1 
3 o 35 + 	0.• 1 4'35 + 01 09 + 0'1 
00 ± 0'1 045 + 0'1 0'5 ± 0•1 
218 
The 	and C3F5 ions are formed with single sharp 
resonance peaks onsetting at 385 ± 0'1 and 335 O'leV 
respectively. The observation of a OF  ion both in the 
positive12 ' 12 and negative ion, mass spectra of c-OF8 
and a linear dependence of the 0F3 ion current on source 
pressure at the capture peak maximum clearly indicates. 
formation by a process involving an intramolecular rearrange-
went in which the ring is broken and a fluorine atom 
transferred to form a terminal OF 	group (not necessarily in 
that order). The electron is simultaneously captured by 
either the OF  or 03F5 fragment in one of the following 
complementary reactions, 
C-C PS +e 	2 :; CF3 + 
86 03F5 + OF 
Inibbe absence of excess energy, the electron affinity of 
the 0/5 radical may then be estimated from the following 
expression; A(C?3 ) + E(CF3 ) = A(0 3p5 ) + E(03F5 ), where 
E(0F3 ) is taken to he 20 ± o*iev,h7fl9ml22 to be 2'5 ± 
0'3eV. 	This value may be compared to others of 267 ± 02 
and > 2 #4 ± C' 3eV deduced for the same species, formed 
from C 3 F6 and 041"8 -2 respectively. 	Reactions 2 and 66 are 
therefore attributed to ion formation at 385 ± 0•1 and 3 . 35 
± O'leV respectively. Reversing this argument and setting 
3'85 ± O'leV equal to the minimum enthalpy requirement of 
reaction 2, the heat of formation of the 0 	radical is 
estimated to be < 	+ 0'3eV. 	This does not compare 
favourably with the values deduced for the same species, 
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formed from C 3F6 and C ,F5-2 i.e. < -66 ± 0112 and 
£ -73 ± 06eV respectively. 
The afleement found between the electron affinities 
appeared to indicate that a single 0/5 Structure was 
probably involved in each case although this is difficult 
to reconcile with the heat of formation deduced for C 3F5 
in this present sention. The structure suggested from 
ion formation in 03F6 was 0F300F2 , which is probably 
resonant with the structure suggested from ion formation in 
%Fg 2. CF3CFCF and indeed equivalent values for both 
and bflf (03F5 ) are calculated for each case. 	The 
discrepancy in the present case must therefore result from 
one of the following possibilities; (i) errors in the thermo-
chemical data used in the calculations is responsible for 
the discrepancy found or (ii) the structure of the 03F5 
radical involved in reactions 2 and 86 is different and 
non-resonant with the species involved in reactions 5 and 
53. A possible alternative Structure might be CF2CFCF2 
which would Involve a minimum degree of rearrangement and 
in which the extra electron night be delocalised between 
the three carbon stoma thereby contributing greatly to 
stabilisation. 
The F ion is shown in Fig. 7.8 to exhibit tour 
principal appearance potentials, the first oneetting at 
3.7 ± OleV. Bibby and 0arter 12 ' 125 reported the F onset 
to be 18 ± O'leV which, from their ionisation efficiency 
curve, appears to result from a low cross-section tail on 
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the onset edge of the major peak. A low intensity F ion 
current Was also detected in this study on the low energy 
side of the major peak, Fig. 7.8(a), but It was not observed 
to fall to zero and was still detected at zero electron 
energy. As a definite resonance could not be identified, 
the %F7-F bond dissociation energy will be assumed to be 
not too different from those already measured in this study 
and therefore taken to be 53 ± 02eV i.e. equivalent to an 
appearance potential of 1•9 ± 02eV in accord with that 
reported by Bibby and Carter. 124Y125  Using this value for 
the heat of formation of the %F 7 radical is 
estimated to be £ -I1'2 + 04eV from the reaction 
oCFo + e 	87, .F + 
There is no other value with which this can be compared. 
Reactions 88 to 92 which have the estimated minimum 
enthalpy requirements shown are tentatively assigned to 
ion formation oneetting at 3*7 ± 01, 6'6 ± 02, 75 ± 0'2 
and 100 ± 02eV respectively. 
Ali min  (eV) 
c-CP8 + e 88, 	+ C? + C 3?6 	43 
89) F + CF2CF + 02F 4•5 
90> 	
+ 0F2 + C 3 P 	 63 
91, F + CF2CF + 20F2 	7.5 
92 F + CF + 3 0F2 	 102 
The minimum enthalpy requirement of reaction 90 was calculated 
using the value of < -1r95 ± 0'3eV estimated for &I f (0 3F5 ) 
above. Reactions 88, 91 and 92 are therefore suggested as 
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corresponding to the F ion dissociative capture channels 
of reactions 83, 814 and 85 respectively. 
ion formation occurs by three major resonances 
the first of which, onsetting at 14'0 ± OleV, can be 
attributed to reaction 93 which involves formation of 
o-%  F8 + a 	> 	+ 0-C14?6 
Using estimated thermoehemca1 data1314  and taking E(F2 ) = 29 
± 02eV,65 the minimum enthalpy requirement of reaction 92 
is calculated to be 2'7 ± 014eV from which it is concluded 
that approximately laY of excess energy (depending on the 
uncertainties associated with the thermochemical data) is 
associated with reaction 93. Reactions 914 and 95 and/or 96, 
which have minimum enthalpy requirements of 6'3, 808 and 942eV 
respectively, are considered to be responsible for the 
measured appearance potentials at 6'3 0'3 and 9'3 , 030V 
respectively. 
- 0-C14?8 + a 	9-1a..  F2 + 02F 	+ 
+ 2CF2CF 
96) 
1'2 + 02P2 + 2CF2 
The OF  ion, which had not been observed previously 
(other than at 700) during this study, was formed 
extensively over the enttrgy range investigated. Reactions 
97 and 98, with respective minimum enthalpy requirements of 
27 - E(CF2 ) and 5'5 - E(CF2 )eV, are the only energetically 
favourable reactions for initial CjP2 ion formation at 385 
± O'leV. 
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+ a 	CF2 + C3?6 
CF2 + 0P2 + C2F11 
The following diverse values have been reported for the 
electron affinity of the CF2 radical in the literature; 
. 0-29 119 > 06 ± 1.0113 and 265eVi 	The exceptionally 
high value reported by Page and Goode from a magnetron 
study of tetrafluoroetbylene would inter that reactions 97 
and 98 involve 38 and 10e1 of excess energy respectively, 
reaction 97 thereby being very unlikely. The large 
difference between the electron impact values 113 ' 119 and that 
reported by the magnetron technique may be explained by 
incorrect Identification of the ion species in the surface 
ioñisation experiment, which did not facilitate mass 
Identification. . Assuming then that the electron impact 
values are more correct, reaction 97 is still shown to 
involve considerable excess energy, —15 and —2OeV 
respectively for E(CF2 ) 	02 and > 06 ± 10eV. 	In the 
event of no excess energy involvement in 0F2 ion formation 
it will be assumed that reaction 98 is that responsible for 
CF  ion formation at 385 ± OleV, from which the electron 
affinity of the CF2 radical is calculated to be < l6 ± 
05eV. Within the uncertainties quoted this value is in 
agreement with the electron impact values and it will be used 
to evaluate the energetics of reactions 99 and 100, the 
next leant energetically demanding processes. 
+ e 	CF2 + 3CF2 
100. 0F2 + C2 F
14
+ CF + F 
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Minimum enthalpy requirements of 6'9 ± 07 and 90 ± OBeV 
respectively are estimated, in good accord with the observed 
onsets at 7'2 ± 03 and 97 ± 02eV.. Reactions 98, 99 
and 100 are therefore assigned to account for 
formation at 335 ± 01, 72 ± 0'3 and 97 ± 03eV 
respectively and the electron affinity of the CF2 radical is 
thereby suggested to be < 16 ± 0'5eV. 
The c_CuFe ionisation efficiency curve was found to be 
a facsimile of the SF6 curve measured simultaneously and 
the attachment cross-section and autodetachment lifetime, 
which were both measured, have been presented and discussed 
in Chapter 4. 
(h) Perfluoro-ortho-dimetbylcyclobutane, 
Perfluorodimethylcyclobutane, C6F12 , Was found to 
exhibit a high dissociative capture cross-sect ion, particularly 
In the energy range up to 5eV where the following negative 
ions were detected and measured; F, OF 	02F5 , C14F7 , 
C5F 9 , 06 F1{ and 06F12 , the last of these is formed by 
associative electron capture and is shown in Fig. 769 with 
the 3F6 curve measured simultaneously. 	The remaining ions 
are shown in Fig. 7.10 where the energy scale is calibrated 
against the appearance potential of the 0 ion formed from 
302 at 14'2 and 66eV. 
Lifsbitz at a1. 135 examined the negative ion breakdown 
curves resulting from thermal electron capture by 0 14F6 (OF 3 ) 2 
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06F11 and C6212 all of which were 
observed in this study. 	In addition to these ions 
Lifshitz at al. 135 reported additional ions with apparent 
rn/s = 263'2 and 1779 which they have attributed to the 
following metastable reactions, 




 F 9— + CF3 
where 'in.s.' stands for metastable transition. 	They also 
Proposed a further such transition to account for %F ion 
formation at -OeV 
612 	> C1 F7 + ? 
The formation of fragment ions and 'metastable ions' 
at this energy is attributed to the fragmentation of the 
molecular negative ion (spontaneous dissociation) following 
thennal electron capture which, the authors point out, is 
not prevalent in the lower or unbranched members of the 
alicyclic or aromatic series. 	This is confirmed by the 
observations made in this study, a phenomenon which is 
explained as follows: the rate of dissociation and of auto-
detachment, which is in competition with It, depend upon the 
activation energies for the respective reactions i.e. the 
exothernicity of fragmentation and the molecular electron 
affinity respectively. 	It was found in Chapter L and by 
Compton et al. 37  that the rate of autodetachment decreases 
markedly as these pertluorocarbon series are ascended, 
however, the probability of fragmentation increases 
(endothermicity decreases) in ascending these series until 
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fragmentation becomes evident, as for cF6(CF 3 ) 2 , despite 
the fact that the competing autodetacbment process has a 
lower activation energy. 	Lifshitz et si. 135 estimated that 
the endothermicity of 06F1{  ion formation from 
for thermal electron capture is 08 ± 0'2eV. 
This suggestion 135 is consistent with the observations 
in sections (b), (d), (e) and (r) that the lowest 
dissociating metastable molecular negative ion state appears 
at lower energies as the perfluorocarbon series are ascended: 
at 62 ± 02, c-%F5 ' at 58 ± 02 0 	at 
4'0 ± 0'2, c_CF8_* at 3•9 ± 02 and C1F10 at 21 ± 02eV 
and now 06F12 at —0eV. Following the identification of 
such states in other pertluorocarbons reaction 101 is 
suggested for the observations made with %F6(0F 3 ) 2 . 
•612 + °OeV 101 
	
" Y S OP jC2F5JCF71 C5F9I 
. . . . . . . 
It is further suggested (see Fig. 7.10(a)) that a second 
multichannel fragmentation Is occurring from one or. more 
metastable molecular negative ion states at —15eV where all 
ions appear in a band of overlapping resonances, 
_ - 
+ 0-1'5eV 102 0 6F12 	 , OF 3- ,...... 
Considering first the state at —0eV; the relative 
ion intensities reflect the probability of the various 
dissociation channels a rid the following relative abundances 
were found; 06F11 (100), 05F9 (60), %F7 (50)9 Y(28) 9  
02F5(25) and CFj(l). where C6Fl2(1000). 	The high 
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relative abundance of the C 6F11 ion may be compared to the 
endothermicity of o"S + 0 '2eV estimated for this reaction by 
Lifshitz at a1. 135 	From this comparison it is apparent 
that the endothermicity for CF3 ion formation must be 
substantially higher than this, i.e. D(C-CF 3 ) - E(CF3 ), assuming 
D(C-CF3 ) '-40eV the endothermicity of this particular 
dissociation channel is expected to be '-2eV and the endo-
thermicity of the remaining channels must therefore lie 
between 0'8 and 20eV. 
The appearance potential data for the processes 
occurring above 1ev are given in Table 7.12. 	Because of the 
high background ion current in the energy region between the 
major resonance peaks at —0ev and '-3eV,in some cases, namely 
F and 02F5 , the possibility of spurious peaks appearing 
in the deconvoluted curve gave rise to some uncertainty in 
the identification of possible minor resonances in this 
region. 	The existence of such resonances, which would 
correspond to dissociation channels of reaction 101, will 
therefore be ignored and only the appearance potentials of 
the major peaks will be discussed. 
If the Y ion and CF J ion resonances, onsetting at 
23 + 01 and 1'5 ± OléV respectively, correspond to the 
complementary reactions, 
06P'12 + e 103  F + 
12" 	+ 
then, assuming that approximately the same amount of excess 
energy is involved in each case (endothermicity of reaction 
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Table 7.12, Appearance potential data for 
Ion 	Appearance 	Peak 	Peak Width at 
Potential(eV) Maximum(eV) 4-height(eV) 
23 ± 01 375 ± 01 1'0 . 0-1 
6-4 ±0-2 8-1 ± 02 12 ± 0-1 
-9-4 10- 4 0-3 - 
CP3 2-9 + 0-1 43 ± 0-2 1-3 ± 0-2 
7-0 ± 0-1 8-6 ± 03 ) 
)doublet 95 ± 0-2 10-5 + 0-2 
02F5 2-1 0-2 375 + 0-1 1-3 + 0-1 
7-1 + 0-2 8-3 + 0-2 1-1 + 0-1 
CF7 1-7 ± 01 3-25 + 0-1 1-0 ± 0-1 
1-8 ± 01 3-25 ± 0-1 10 + 3d 
06F11 1-5 + Od 3-25 + 01 12 + 01 
C6F12 00 0-1 0-4 ± 0-1 05 ± 01 
104 is —0-8ev) the electron affinity of the C6  F, l radical 
is estimated to be 4v 2 ± 3' 2ev. 	This is in reasonable 
accord with the value of 35eV estimated by Lifshltz 
et al. 135 The discrepancy between these two values may 
result from either the assumptions made by Lifshitz et aiJ 35 
such as D(C-F) = 99 Kca1s.mo1e, or unequal excess energy 
in the above reactions. 
Because of the number and complexity of the possible 
fragmentation reactions involving F ion formation in the 
2 - 15eV energy range and the large uncertainties associated 
with the thermochemical data, when available, no attempt 
at further process identification will be made. 
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It was suggested in section (a) and later confirmed by 




 are formed by the 
complementary reactions, 
+ e 104 OF 3- + 
106) 	+ OF  
From the expression, A(CFj) + E(0F3 ) = A(C5F9 ) + E(05p9 ) 
where E(0F3 ) = 20 ± 0.1eV,4h171119l22 A(CF) = 29 ± 0'1 
and A(C5F9 ) = 18 ± OleV, the electron affinity of the 
C5F9 radical is deduced to be 31 ± 03eV, in exact agreement 
with the value of 31 estimated by Lifshitz et 
Lifshitz et 81.135  also showed that the C2F5 and 
ions originate from the reactions predicted in section (a), 
+ e 	) 02F 5-+ CuF7 
104 	+ C2F5 
Substituting the values E(0 2F5 ) average (measured above) 
22 ± 02, A(C2F5 ) = 21 ± 02 and A(%F7 ) = 17 ± OleV 
into the appropriate expression the electron affinity of 
the %F7 radical is estimated to be 26 ± 0•5eV. This 
value is in reasonable agreement with that of —35eV 
deduced for the same species formed from CuFa_2 by reaction 57. 
The attachment cross-section and autodetachnent life-
time of the C 6 F12 molecular negative ion shown in Fig. 7.9 
have been presented and discussed in Chapter L. 
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(i) Pertluorocyclopent one, c-0 5F8 . 
005IP3 was examined briefly in order to provide a 
comparison between four and five-niembeped ring systems 
towards electron capture. c-0 5F8 was found to exhibit a low 
cross-section for negative ion formation and the only ions 
detected at low electron energies; F, 03?3 , C5F.( and 
C 
5 
 F8- p were formed in the ratio 1000:25:390 at their 
respective capture maxima. 	The CF3 ion, and the 
anticipated complementary species C1F5, were both detected 
at 70ev but with abundances of less than O'l% of the 
ion current. 	This observation is in complete contrast to 
the high abundance rearrangement ions detected in all three 
four-membered ring systems studied and suggests that the 
five-membered ring is sufficiency stable (strain free) to 
undergo dissociative electron capture in the absence of a 
simultaneous intramolecular rearrangement involving ring 
cleavage. 
The C3Ff ion, which was formed abundantly at low 
electron energies, may result from a rearrangement process 
although the most probable complementary ion accompanying 
such a reaction, C 2 F5 , was not detected at high or low 
energies. 	The experimental ionisation efficiency curves 
are shown in Fig. 7.11 where the anergy scale is calibrated 
against the appearance potentials of the 0 ion formed from 
302 at 1•2 and 6'6eV and the 3F6 ion formed from SF6 at 
OOeV. 
In a previous investigation of c-CF8 Bibby and carter12 
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energies and reported the appearance potentials to be 
18 ± 01 0 —0 0 -'0 and '-0eV respectively. 	The F ionisation 
efficiency curve shown 124 is in fair agreement with that 
given in Fig. 7.11 although no curves were given for the 
other ions reported in that sbudy. 	The 05F6 ion was 
detected in this study but only at 70ev where it appeared to 
c005 of the C5F8' abundance. 
After deoonvolution the initial appearance potential 
of the F ion was found to be 19 ± O'leV, in good agreement 
with the value of 1-8 ± OleV reported by Bibby) 2 and 
presumably ion formation at this energy originates from the 
following reaction, 
c-05F8 + e be, p + c-05F7 
Using E(F) = 34ev, 6 the C5F7-F bond dissociation energy 
is estimated to be < 5•3 ± OleV, identical to the value 
deduced for the initial C-F bond dissociation energy in 
It is evident from Fig. 7.11 that all ions exhibit a 
resonance maximising at approximately 3eV and following the 
arguments presented in earlier sections these resonances are 
attributed to the decomposition of a metastable molecular 
negative ion state at —2ev, 
c-05F8 + —20 109
) c_05F8_* 	) FTh C3F, 05F7J ...... 
where reaction 108 is the channel responsible for r ion 
formation. 	The presence of a metastable state at '-2eV is 
in the expected energy range and may be compared to the lowest 
dissociating molecular negative ion states, c_%F6_* at 
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58 ± 02 and c_%F6(0F3)2_* at -.0ev. 	The appearance of a 
Second 05F7 resonance onsetting at 62 ± 03eV suggests 
the presence of a second metastable state at this energy 
where reaction 111 is one of the dissociative capture 
channels, 
c-05F8 + e,,6,2 	1l0 	 111) 5p7* + 
involving —!eV of excess energy distributed as internal 
excitation and/or kinetic energy between the fragments. 
Further coincident C  j and Y resonances at —9 and 
125eV may reflect other dissociating states of C 5F5 but 
in the absence of a more detailed investigation these 
suggestions remain speculative. 
The 	molecular negative ion was examined in detail 
and the results have been fully discussed in Chapter 14. 
(j) Porfluoronormalhezane, 06F1 . 
n-C6 F1 was investigated as part of a final year B.Sc. 
project by Miss J.A. Logan and the general findings are in 
accord with the behaviour anticipated from the above sections. 
Because of instrumental malfunctions prevalent during the 
course of that study the appearance potential data is subject 
to uncertainties considerably exceeding those normally 
obtained, consequently this data will not be presented for 
detailed discussion. 	However, it was found that most ions 
exhibited single resonances onsetting in the energy range 
between 3. and —1'5eV leading to the suggestion of a metastable 
molecular negative ion state in this energy range, in accord 
with the trend already established above, 
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112 	 ____ n-C6F1 + 	 ) 14 	 3 > t, OF 
The fragmentation pattern follows that established 
above for n-C 3F3 and n-C 1y10 where negative ion formation 
occurs by the successive rupture of C-C bonds and the 
following ions were detected at low electron energies; 
F- ' cFj, 02F53 C3F7 , %F9 P C5F11Th C6F13 and C6F1 . 
(k) Summary 
It has become increasingly apparent during the course 
of the work described in this chapter that as the perfluoro-
carbon series are ascended the following points are realized; 
(1) the average dissociative electron capture cross-section 
increases, (ii) there is an increase In the variety of 
negative ion species formed and the complexity of the 
reaction mechanisms involved, (iii) negative ion formation 
as a result of the multichannel decomposition of a metastable 
state of the molecular negative ion takes place at 
progressively lower energies and (iv) parent ion intensity 
and autodetacbment lifetimes Increase. 
Although the amount of information which may be obtained 
from electron impact experiments in the higher pertluoro-
carbons Increases enormously as the series are ascended the 
lack of accurate thermochemical data (when available at all) 
renders reaction identification and therefore the deduction 
of unknown radical parameters virtually impossible, e.g. 
for CuF6 (OF  3)2  only the initial ionisation processes may be 
confidently identified. 
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The dissociative capture processes which have been 
established in the course of this chapter and identified 
with the lowest dissociating state of their molecular 
negative loners listed below in order of decreasing energy: 
Section (b); 
C 
3 P 6 + 062eV ii• C3F6 	) Y* 
+ 




18) ) CF - + OF + CF 
3 	 2 
19,) CFj+F+ CC?2 
section (1); 
0-%F6 + e5•81 	c_C4F6_* 	F + C2F2 + 
80 	-* 	* 
81 4, C 
3 
 F + OF  + F 
section (d); 	
-*____ F- + 
31 %F8-2 	
* 
C4F8-2 + e4.aev 	
-4L10, F2a + %F6-2 
ta, OF 	+ 03F5  
+ ? 
* 
+ OF  
section (g); 
+ 63 9eV 84 c-%F8 	
2 	+ C3F5 
86 C 35_* + OF  
88, r + OF + Cf6 
93) F2 t + c-C4?6 




+ e2.l eV 
section (1); 
60) .F + CuP9 
63 ) 
 
OF + C3?7 
663,, C2F5 + 2P 5 
68 >  C 3 F + OF  
69> 	+ p 
 
C-C 5F8 + 02eV 109ac_05F8_* 	>F, C3F3 , 05F7 , ..... 
section (j); 
06F114 + 0115eV 	) 06F 1J 	) F- , CFj, C2F51 C3F70 
 
%F93 05P'ii 	C6!"13 . 
section (b); 
CuF6 (OF  3)2 + e 0 	 • > 
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) C2P 5-0 
	F . 
No dissociating metastable molecular negative ion 
state was identified in the study of ion formation in C3?8 , 
although the existence of such a state, perhaps with a low 
cross-section for decomposition, is not excluded. 	A brief 
investigation of negative ion formation in hexafluorobutyne-2, 
showed that all the ions which were formed at low 
electron energies, F, CF3 , C.F3 and 	exhibited 
coincident resonances onsetting in the energy range between 
50 and 55eV. The fdlowing reaction is therefore added 
to those presented above, 
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+ 55•05•5eV 113) C4F6 _2_ * 	N F, 0F31 
C 3F3 , C4F5 
Finally a comment S the structures of the metastable 
molecular negative ion states involved in these processes. 
In the above reaction schemes the transient intermediate 
species have been depicted as c_%F6 _* ,  c14F6_*, 04F6(CF3)2t 
etc. inferring retention of the ground state neutral 
molecular structure. 	It is recognised that this is 
clearly not the case and that distortion of the neutral 
molecular framework in the excited negative ion states is 
inevitable. However, it has been found In this study that 
each fluorocarbon isomer exhibits distinct fragmentation 
behaviour and each isomer has a distinct autodetachment 
lifetime and attachment cross-section for thermal electron 
capture. 	It is therefore evident that 'common-ion states' 
i.e. from CuP6_2  and 	or from CF8-2 and c-CF3, do 
not play's significant role as intermediates following the 
interaction of slow electrons (0 - 15ev) with the 
perfluorooarbon molecules examined in this study. 
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THE FLUOROALDEIIYDES; CF3O C2"  CEOand 03F7CB0, the 
PLUOROK2TONES; 0F 3C0C11 3 and (CF 3 ) 2 00 and the FLUORONflROXIDE 
(cF 3 ) 2No 
This chapter has been subdivided into three sections; 
(a) the fluoroaldehydes, (b) the fluoroketones and (o) the 
stable free-radical bie-trifluoromethylnitroxide. 
(a) The fluoroaldehydea 
(1) Trifluoroacetaldebyde, 0F 3CEO 
A large variety of dissociative capture ions were formed 
from CF3CHO at low electron energies and the ions detected 
with intensities amenable to investigation were 0, Y, '2' 
CFj, 02F, 02F3 and 0F200 which were formed in the 
ratio 45:1000;5:72:20:4:4 at 70eV. 	At 10ev 0 this ratio 
was 63:840:4J900:1000:160:3. 	The experimental and 
doconvoluted ionisation efficiency curves are shown in 
Figs. 8.1 and 8.2 where the energy scale is calibrated 
against the appearance potential at the 0 ion formed from 
802 at 42 and 66eV. 	The appearance potential data are 
given below in Table 8.1. 
The heat of formation of trifluoroacetaldehyde is not 
known directly, however, an approximate value may be 
estimated using the group additivity tables compiled by 
Benson at al) 36 This method gave a value of -1886 Keels/ 
mole or -8'2eV for AH(CF3CH0) with an uncertainty not 
expected to exceed ± 05ev. 
ION FOPMAtION IN CF3 CHO (LOW Er-4ERc'y') 
CORRECTED ELECrROM  
CORRECmCD ELE.CrRON Er-JERG-y (ev) 
Fig 8.1 
ION FORMATiON IN CFI C HO  
CORRECTeD EtflCmRON EF4ERckV (eV) 
CORRaCrED ELnCTRON4 CP4ETy (-v) 
flg 8.2 
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Table 8.1. Appearance potential data for CF3CHO 
Ion 	Appearance 	Peak 	 Peak Width at 
Potential(eV) Maximum(eV) 	4-height(eV) 
	
72+02 	7'7j0'2 	 - 
8'l ± 02 93 ± 02 1'1 ± O'2 
36 + 01 4'3 + 01 ll + 02 
6'6+03 - ) 
—7'8 87 ± 0'2 ) doublet 
0P2 33 0'1 4'0 + 0'l 018 + 061 
+ 0'3 shoulder - 
0F 38 O'l 4•4+ 0 • 1  08+0'1 
62 ±o• 2 7'2±0"2 - 
-'8'0 shoulder - 
C 2P2_ 7'1 ± 0'1 shoulder doublet 
—76 8'8 + 02 ) 
C2?3 65 ± 0'1 7'3 ± O'l 10 ± 0'1 
—80 shoulder 
CF2CO -  3'8 ± 0'1 1v5 ± 01 0'9 ± O'l 
The 0 ion from CF3CEO is formed initially by a low 
cross-section resonance onsetting at 72 ± O2eV followed 
by the major peak onsetting at 862 ± 0'2eV. 	With the 
assumption that tH 1 (0F2c) = AHf (CFCF) t oev 8 the minimum 
enthalpy —requirement for reactions 2 and 3 are estimated to 
be 10'7 and 6 '6ev respectively. 
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o_ • + 0F30E 
+ OF + CH 
O + OF2C + HP 
o_ OF C + H 
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The energetics of reactions 1 and Li, cannot be examined in 
the absence of thermochemical data for the CF 3CH and CF3C 
radicals, however, if reaction 1 is assumed to be that 
responsible for O ion formation at 7'2 + O2aV, a value of 
.s 86 ± 03eVmay be deduced for the 0F 3 0H = 0 bond 
dissociation energy. This value is probably too high 
(e.g. compare .WOO O) 5•7eV) and so it suggests that 
either reaction 1 is accompanied by several volts of excess 
energy or more possibly that reaction 3 is that responsible 
for 0 ion formation at 7-2 ± O2eV; the formation of an 
abundant CF2 C ion at low electron energies lends support to 
this mechanism. Reversing this argument and setting the 
initial 0 appearance potential equal to the minimum enthalpy 
requirement of reaction 3 the beat of formation of the 0F20 
radical is estimated to be £ O6eV which is in good accord 
with that of £ 10 ± O3eV deduced for this radical from 
perfluoropropylene in Chapter 7. Reaction 3 is therefore 
attributed to the appearance potential at 72 ± O2eV. 
If reaction L. is now assumed responsible for O ion 
formation at 8'2 ± O•2eV then, using the argument employed 
above, the heat of formation of the CF3C radical is estimated 
to be £ -35eV. Although there is no other value for 
MIf (OF 3C) reported in the literature the following heats of 
formation suggest the value deduced to be of the correct 
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H1 (CF2CF) = -2'OeV 127 and LH (OF 3OF) = magnitude; 
-Lv ev. 129 
It can be seen from Figs. 8.1(a) and 8.2(a) that F 
ion formation occurs as the result of two major resonances, 
the first maximising at 4•3 ± OleV and the second at 
87 t O'2e1. After deconvolution, Pig. 8.2(b), the second 
Peak is found to exhibit a shoulder on the leading edge and 
to be bounded by low cross-section tails at low and high 
energies. As these tails were not reproducible over five 
experimental . runs it has been concluded that they are 
spurious diffraction peaks resulting from the ineffective 
unfolding of the broad peak; the onset of the double 
resonance is therefore taken to be 66 + 03eV. 
Reaction 5, which has an estimated minimum enthalpy 
requirement of 36eV, is suggested as that responsible for 
F ion formation at 3•6 ± OleV although reactions 6 and 7, 
which have minimum enthalpy requirements of approximately L.l 
and 4 - 9eV respectively, may also be contributing processes. 
CF3 CEO +e 	P_+0F2 +cHo 
6, y + OF + Co + HF 
7 F_ + OF + CO +fl 
Reactions 8 and 9, which have minimum enthalpy requirements 
of —70 and —87eV respectively are further proposed to 
account for the broad resonance onsetting at 66 ± 03eV. 
0F3Cil0+e 	8.J F+CF2CH+O 
93 F+CF+P+CHO 
214.0 
Using the electron affinity of the C?2  radical 
(estimated in Chapter 7 (section g) to be < 16 O5eV) in 
conjunction with 0 f (CF2 ) = -1-80V 128  the heat of formation 
of the 0F2 ion is estimated to be -3'4 ± 06eV from which 
the minimum enthalpy requirements of reactions 10 and 11 
are calculated to be approximately 08 and 5'4eV respectively. 
CF3CHO + e 	CF2 + CO + HP. 
11) 0F2 + F + CHO 
Reaction 10, involving —2eV of excess energy, is therefore 
suggested to account for 0F2 ion formation at 33 + OleV 
and reaction 11 is tentatively proposed for ion formation 
at 16 ± 03eV. 
Following 0F2 ion formation the reactions responsible 
for OF 
3-
ion formation must also involve considerable amounts 
of excess energy, 27 or lLj.eV, depending on whether 
reaction 12 or 13, which have minimum enthalpy requirements 
of l'l and 214.eV respectively, is responsible for the 
appearance potential at 36 ± OleV. 
CP3CHO+e l2 0F+OH0 
13> CFj + CO + H 
lLj. ) 
 
OF + CH + 0 
The next least energetically demanding process, reaction 14, 
requires approximately 10eV so, as the 0F3 ion current 
falls to zero at —9eV this reaction does not appear to 
contribute to the ionisation efficiency curve observed. If 
reaction 13, where min = 2'4eV, is responsible for ion 
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formation at 62 + 02eV then —38eV of excess energy must 
be distributed as Internal energy (possibly of CO where 
the first excited state lies '-.25eV above the ground state) 
and/or translational energy of the fragments. 
It CF2 C ion formation onsetting at 71 ± 0leV 
corresponds to reaction 15, the complementary reaction to 39 
the heat of formation of the 0F2C Ion may be estimated to 
be < -C9eV. 
CF3CHO + a _15-3 CF2C + HF + 0 
As the heat of formation of the 0P2C  radical has been 
estimated above to be £ O'6eV and C 10 ± 03eV (Chapter 7, 
section b) 1,0. s 0'8 ± O3eV average, the electron affinity 
of the CF2C radical is deduced to be S l5 and , l9eV 
respectively i.e. < 17eV average. 	There are no other 
literature values with which these data can be compared. The 
unresolved second CPC -  resonance onsetting at —7'6eV is 
attributed to reaction 15 in which excess energy is involved. 
From the energetics of reaction 16, which is proposed 
to account for 0P30 ion formation at 65 + OleV, the heat 
of formation of the CP3C ion is estimated to be, -66eV. 
CF3CHO + a 16) CF3C + 0 +R 
Used in conjunction with the value of 4 ...3 . 5 estimated for 
tfl(cF3c) from reaction 1, tE(CF 3C) 	-6-66V yields a value 
of C 31eV for E(CF3C). 
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The CF2OcY ion exhibits a single sharp resonance peak 
onsetting at 3'8 ± O'leV which must result from reaction 17 
or 18. 
CF3CHO + e 17> 0F200 
In the absence of thermochemical data process identification 
is precluded. 	
4. 
(ii) Pentafluoropropionaldebyde 1 C2F5CHO. 
The negative ions detected and measured at low electron 
energies from 02F5CH0 were i, CF 
3. 0 
 C2F5 and 02FCO which 
were formed with the relative abundances 200:6:1491000 at 
70eV and 1000:580;190:460 at 10ev. The appearance potential 
data are given in Table 8.2 and the ionisation efficiency 
data are shown in Fig. 8.3 where the energy scale is 
calibrated against the appearance potential of the 0 ion 
formed from 302  at I2  and 6'6eV. 
In order to prevent confusion the C2FCO- ionisation 
efficiency curve has not been included in Fig. 8.3. 	This 
ion exhibited a broad peak at zero eV with three smaller 
resonances onsetting at 30 ± 03, 59 ± 0'3 and 77 ± 0 6 3eV 
followed by secondary electron capture onsetting at —10ev; 
at no point on the energy scale between 0 and 100eV did 
the C2F14CO-  ion current fall to zero which may be partially 
the result of surface ionisation which occurred to some 
extent at the lower electron energies. 
1CM FORMAT1ONJ INI C2 FCHO 
CORR E.CtCL EL.nCmROI1 Ep4E GV (ev) 
COlPE.CtEt' ELE.CTROP4 CN1E5Q-y (ev) 
flcj 3..3• 
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Table 8.2. Appearance potential data for C 2F5CHO. 
Ion 	Appearance 	Peak 	 Peak Width at Potential(eV) Maximum(eV) 	'fr-height (eV) 
29 + 02 + 02 13 + 01 
57 + 0'2 749 + 02 24 + 02 
0F 3 30 ± 0"2 143 ± 0'2  1 '3 + 01 
- 5'9± 02 -So 4 -25 
02F5 34 + 0'1 4'2 + 02 0'9 + 01 
6'2 ± 0'2 72 + 0'2 + 0'2 
CFCO-  -O'O - - 
2Z 3 - 0 0 - 3 14'1+02 , 	 O'8+0'2 
5'9+0'3 6'7+O2 
77 ± 03 87 ± 0'2 )broad 
The heat of formation of C PP-ORG was estimated to be 2, 
-285'6 Keal/mole or -12'4eV using the group additivity 
tables compiled by Benson et 
From Fig. 8.3 it can be seen that all ions exhibit 
resonances onsetting at -3 and -6ev which may arise from the 
decomposition of metastable molecular negative ion states 
at these energies; 
02F50H0 + 	
20 ) 02p5* 	) F', CFj 02F5 , 




However, possibly because of the broader resonance curves 
found in this study, the deviation in superposition, 
particularly of those resonances at -3eV, is far greater than 
2144 
that round for the perfluorocarbon molecular negative ion 
states in Chapter 7 and therefore reactions 20 and 21 cannot 
be identified with the same degree of confidence. 
Reaction 22, which has an estimated minimum enthalpy 
requirement of 3'OeV, is suggested to account for F ion 
formation onsetting at 2'9 ± 02eV, 
C2F5CHO + 	22, F + C 2 + CEO 
Reactions 23 and 24, with minimum enthalpy requirements of 
1v3 and 48eV respectively, may also contribute..to the 
observed ionisation efficiency curve which does not fall to 
zero between the two major resonance peaks. 
C2F5CHO + e 23,  F + 0 2F4 + CO +11 
243, r + CF3CF + CHO 
The Second r resonance peak which onsets at 57 ± 02eV 
is unusually broad, W = 24 ± 02eV, and may well be 
composed of several overlapping resonances which have not 
been resolved by the deconvolution procedure. The following 
are among the possible reactions which may contribute to ion 
formation at these energies; 
Anmin (eV) 
C2F50H0 + 	25, r + 20F2 + 0110 	6•O 
269 IC+OF3CF+CO+H 	6'1 
27 F + OF2 + OF + CO + HF 66 
28) r + OF  + CF +0110 	7'6 
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Using the value E(CF 3 ) = 2"0 ± o.i ev 17ifl 9 t 22 with 
known thermochemical data 23 ' 127 the minimum entba].py require-
ments of reactions 29 and 30, which are proposed to account 
for OF 
3- 
 ion formation at 3-0 ± 0-2 and 5.9 ± 02eV, are 
estimated to be 35 and 4'8eV respectively 
02F50110 + • 29> CF - + CF2 + H0 
30 >  CF - + CF2 + CO + H 
In order to reconcile the C 2F5 appearance potential 
data with the minimum enthalpy requirements estimated for 
reactions 31 and 32 approximately 26 and 4 0 7eV of excess 
energy must be attributed to ion formation at 3* ± O'l and 
6'2 ± 02eV respectively. 
min 
02F5CH0 + a 31) C2Fç + GH0 	 08 
	
32, C2F5 +CO+H 	2'1 
> C2F5 +CH+0 	9-5 
Similar conclusions were drawn for CF3 ion formation from 
CF3CHO where reaction 12 i.e., that analogous to reaction 31 
above, involved almost the same amount of excess energy 
i.e. 27eV. 
If reaction 34 is that responsible for C2FCO ion 
formation at -'0eV the heat of formation of the C 2FC0 ion 
may be estimated 
02F50H0 + e 	31i., C2F1,CC + 	HF 
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to be c -96eV. 	Using this value the energy requirement 
of reaction 35 is calculated to be —59eV, this reaction is 
therefore forwarded as that responsible for the appearance 
C2F5CEO + e 	C2Fq,CO + 11+ F 
Potential at 59 ± 03eV. The other resonances at 
30 ± 0'3 and 747 ± 03eV must therefore correspond to 
reactions 34 and/or reaction 35 in which excess energy 
contributions are involved. 
(iii) Heptafluorobutyraldebyde, 0 3F?Gao. 
The average cross-section for dissociative electron 
capture by 03F70110 was found' to be approximately an order 
of magnitude lower than that found for 0F 30110. 	F and 
were the only two ions formed with sufficient intensity to 
enable accurate measurements to be undertaken and the 
experimental and deconvoluted ionisation efficiency curves 
are shown in Fig. 8-4 where the energy scale is calibrated 
against the appearance potential of the 0 ion formed from 
so  at 42 and 66eV. 
The CFj 02F5 and C 3P6C0ions were also detected 
at low electron energies and higher electron trap currents 
Were employed (—OlpAmp) in order to obtain appearance 
potential data for these ions. The C 3F6 C0 ion appeared at 
—0eV and was, at least in part, formed as the result of 
surface ionisation at the filament. The ions measured at 
low electron energies Y, CFj, 02F5 , 0 3F7 and 03F6 C0 
were formed with relative abundances in the ratio 350:12:2:6: 
1000 at 70eV and 1000:7:<l:<1:28 at 10eV. The appearance 
ION FORMATION IN C3 F1 CHO 
CORRECtED ELECtON EI'4E.RGV (aV) 
(D\ 	 IrI a 
8 	q 	 II 	12 
CORRE.cmEaD ELEcmaoM E.4EcQy (eV) 
R3 8.4-  
214.7 
potential data for these ions, are given in Table 6.3. 
Table 8.3. Appearance potential data for 0 3F70H0. 
Appearance 	Peak 	 Peak Width at Ion 	Potential(eV) Maximum(eV) 	j-height(ev) 
32 ± 01 402 ± 0-1 11 ± 01 
5*4 ± o•i _765 
9 0 7 02 —10 •4 shoulder 
OF 3- . 	1-9 + 042 	2-7 + 02 	09 + 02 
	
-6-5 -8-3 —2-0 
02F5 	-3-0 	4-0 + 0-1 	09 + 0-1 
7 ± 0-2 - 
03F7 	34 1 01 	11 -0 ± 01 	0-7 ± 0'1 
03F6C0 	—0-0 	 - 	 broad 
The superposition of resonances onsetting at 32 02eV, 
Fig. 8.4, again leads to the suggestion of a metastable 
molecular negative ion state decomposing at this energy, 
03F70R0 	°3"2eV 360, C3F7CH0 	) F- 2 CFj i. 02F5 , 
03F.7-P. • 
Following 0F30H0 and C2250H0 the heat of formation of 
0/70110 was estimated using the group additivity tables of 
Benson at ai; 16 ftHf (03F70H0) = 382-6 Koala/mole or -166eV. 
Reactions 37 and 38, which have estimated minimum 
enthalpy requirements of 2-5 and 3'2eV respectively, may 
account for F ion formation at 3'2 ± 0-1eV. 
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0 3 F70110 + 	 V j + C 
3 
P6 + 0110 
38, pr + C 
3 
 F 5 + CO + HP 
AB(C3F5 ) C -68 ± 02eV deduced in Chapter 7, section (b), 
was used to calculate the energetics of reaction 38. 	In 
the absence of a translational energy analysis of the 
products unequivocal pn_Qcesa Aidentification is precluded 
although reaction 37, which does not involve intramolecular 
rearrangement, is that preferred. 
The second F_ resonance peak, onsetting at 54+ OleV, 
is shown after decozxvolution, Fig. 8.4(b), to be a double 
peak with further unresolved resonances evident its the 
trailing edge of the peak. 	* large number of reactions 
could be written to fulfil the energy requirements imposed 
by this broad peak of which the following are some of the 
more likely possibilities, 
C 3F7 ORO + e 	F + OF 	+ 02F11 + 0110 5.4 
0 F+OF2 +C2 F4 + CO +H 67 
+ CF 3 + 0F2 0F+ CEO 6•9 
+ C2 F5 + OF + 0110 71 
F_ + cpp + CF2 + oao 72 
Reaction 39 is tentatively suggested as the initial process 
onsetting at 5'14 ± 092eV and reaction 44, which has a minimum 
enthalpy requirement of 9'6eV, as that corresponding to the 
minimum in the ionisation efficiency curve at 97 ± 02eV. 
C 3F7CHO + e 	it + OF  + CF2 + (JF+ CEO 
2149 
If the 0F3 appearance potential at 1•9 ± 02eV 
corresponds to the following reaction,. 
C3F7GR0 + e 	CF + C2PJ CHO 
then, using E(CF3) = 20 ± O'leV14 ' 1 ' 1 the CP3-C2F4CH0 
bond dissociation energy . is estimated to be 	39 O3eV. 
This may be compared with the C-C bond dissociation energies 
in C/ and C 14Flo  deduced in the course Of Chapter 7; 
D(CF3-02F5 ) C 4•55 + O2eV and D(CF 3-03P7 ) < 43 ± O2eV. 
Reaction 46 and/or 147, which have minimum enthalpy 
requirements of 5•9 and 6'4eV respectively, are tentatively 
suggested to account for the 0F appearance potential 
at —6'5eV, 
03F7C110 +is6, CF + 20F2 + CUD 
CF+CF2 +CF+C0+HF 
Assuming E(02F5 ) to be approximately 2'2eV (see 
Table 9.1) the minimum enthalpy requirement of reaction 48 
is estimated to be 32eV. 	This reaction is therefore 
attributed to ion formation at —3'0eV 
C 3F7C110 + a 	II.Oy 	+ OF  + CR0 
thereby lending support to the values deduced for E(0 2F5 ) in 
the course of Chapter 7 i.e. 21 ± 02,. section (c) and 
2'2 ± O3eV, section (e). 
0/70110 + S Li9, 	• or  + CO + H 
• CD' + Co + U + F 
Reaction- 49 involving —2ev of excess energy 0 and reaction 50, 
which bass minimum enthalpy requirement of approximately 
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68eV may both contribute to the 	appearance potential 
observed at -65eV. 
The 0 
3 
F ion exhibits a single sharp resonance peak 
onsetting at 3L+ OleV. Assuming that E(03F7) -23eV 
(Chapter. 7, sections (c) and (e)) the minimum enthalpy 
requirements for 	ion formation by reactions 51 and 52 
are approximately 08 and 2leV respectively, 
03F7 0110 + 	51, 03F1 + 0110 
52, 0 3F7 + CO + It 
Therefore, depending on whether reaction 51 or 52 is 
responsible for ion formation at 3I+ OlaV, 26 or 1'3eV 
or excess energy must accompany ionisation. 	CF3 ion 
formation from CFJCHO and C 2  F 5  ion formation from 02P50H0 
were similarly found to involve large amounts of excess 
energy, i.e. 2'7 or 14eV for 0F 1 ion formation by 
reactions 12 or 13 respectively and 2'6 or 13eV for 0 2F5 
Ion formation by reactions 31 or 32 respectively. The 
comparable releases of excess energy accompanying perfluoro-  
alkyl ion formation in each case suggests that excitation 
of the CEO radical, if reactions 12, 31 and 51 are those 
responsible for ion formation, or excitation of the CO 
molecule, for the occurrence of reactions 13, 32 and 52, 
may be involved in ion formation. However, the first excited 
state of carbon monoxide lies 25eV above the ground state 23 
and as insufficient energy is available from reactions 13, 
32 and 52 it is suggested that reactions 12, 31 and 51 
involving excitation of the QUO radical to an excited state(s) 
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lying <26eV above ground are those reactions responsible 
for perfluoroalkyl ion formation from these fluoroaldehydes. 
Excess 
flaY 	Energy(eV) 
CF3CHO + • 12) 0F3  + CHO* 	3'8+ 01 	27 
C2F5CHO + e 	C25 + CbS 	34± 0'1 	2'6 
03F7cHO + a51 >0 3 F  + CHO* 	 0'1 	2'6 
These suggestions are consistent with the reported electronic 
spectrum of the formyl radical.138  The A and B states, 
which lie 1'5eV above the ground state, precede a broad, 
diffuse band which includes the amount of excess energy 
associated with the above reactions. 
The C 3F600 ion was detected at —0ev and its formation 
is partially attributed to surface ionisation although 
reaction 52 may also contribute to the ion current observed. 
0 1F7C110 + a 524 03F600 + HP 
Assuming this to be the case the heat of formation of the 
03F500 ion is estimated to be < -13'8eV which may be 
compared to the value deduced for the angous ion formed 
from 02F50H0, trI(c2co) £ - 9'6eV. 
(b) Fluoroketones 
Ci) Trifluoroacetone, CF300c0 3 . 
Negative ion formation occurred extensively in the 
fluoroketones, the ions detected and measured in CF300CH3 
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at low electron energies being O, it, CF2 , CF3 , CFCOCH 
and CF2COCH which were formed with relative abundances 
in the ratio 110:1000:4:100:5:10 at 70ev. 	The molecular 
negative ion, CF3C0CHj was also detected at 70ev but with 
an abundance of only )O-1% of the F_ ion current. The 
experimental and deconvoluted Ionisation efficiency curves 
are shown in Figs. 8.5(a) and (b) respectively where the 
energy scale is referenced to the O ion formed from 302 a 
12 and 6'6eV. 
From Fig. 8.5 it can be seen that the resonances occur 
in two distinct bands the first maximising around 5eV and the 
second between 8 and 10ev; the following processes are 
consistent with these observations, 
0F300C113 + e.3ev 	
0F3C00113_* 	> P_ t CF2 , 0F3 , 
- 	 OF2COCH - t o ..I.. 
CF 	 ' 3000H3 + ei.14ev 	
I CF3000H3T** ) 0, Y, 0F3 , 0F000H 3 , 
CP2 000113
.........  
The F and 0F 3 ionisation curves, which do not exhibit well 
defined appearance potentials at 74 ± O'3eV, show broad 
resonances onsetting at 6'8 ± O2eV and extending across 
the relevant energy range. 	It would therefore appear that 
several unresolved resonances (possibly including the 
dissociation channels of reaction 54) contribute to the 
observed curves. This argument also applies to the 0F 2 
ionisation curve which onsets at 39 ± 0'1eV i.e. ../).jtJ 
lower than the appearance potential identified with reaction 
53 at 4•3 ± O3eV, but which has a peak width of ll ± OleV 
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at half-height and does not fall to zero ion current 
until about 6ev. 
The appearance potential data measured for CF3COCH 3 
is given in Table 8.4. The heat of formation of CF 3COCH3 
Is not known directly and has therefore been estimated to 
be -200•0 Koala/mole or -87eV using the group additivity 
tables compiled by Benson at alJ36 
Table 8.L4.. Appearance potential data for CF3COCH3 . 
Ion 	Appearance 	Peak 	 Peak Width at Potential(eV) Maximum(eV) 	£I-height(eV) 
75 ± 0'2 9'1 ± 01 14 ± 01 
42±02 56+02 
68 + 02 8•3 + 02 l5 + 02 
CF2 3 . 9 + Od 4•9 + 01 l'l + o'i 
0F3 lj.Li. + - 02 55 + 02 
6•8 ± oa 81 ± ol 13 ± 0.1 
CFCOCH 3 	7 ± 0'2 	87 ± 0' 1 	1- 4 ± O'l 
	
0F2C0C113- 1r 2 ± 01 	52 ± 01 	09 ± 0.1 
7s± 02 8•2 + 02 0'9± 01 
The 0 Ion exhibited a single, low cross-section, 
resonance peak onsett lug at 75 + O2eV. Using E(0) = 
1*4 + Ol-eV4  Ion formation by reaction 55 yields a value 
Of c 89 ± 0 3eV for the C-O bond dissociation energy. 
CF3000H3 + 	0 O + CF3CCH3 
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251. 
As this value is probably too high by several volts, 
i.e. D(OC=O) —5'7eV and D(C112 0)-714eV, the appropriate 
amount of excess energy would have to be attributed to ion 
formation by this reaction. 	Reaction 55, however, is 
analogous to reaction 14 which was proposed to account for 0 
ion formation from CR3 CEO and is therefore suggested as a 
more probable alternative to reaction 514. 
0F3000113 + è 	0 + CR30 + 011 3 
Assuming this to be the case and reversing the argument by 
setting the appearance potential equAl to the minimum 
enthalpy requirement of reaction 55, the heat of formation 
of the CF3C radical may be estimated to be < - 3' 8ev. 	This 
is in good agreement with the value of < - 3'5eV deduced from 
reaction h for this species. 	Reaction 55 is therefore 
proposed to account for 0 ion formation and using 
AH1 (CF 3C) < -3'8eV deduced from this reaction in conjunction 
with the value AU (CF C) c -6'EeV deduced from reaction 16 f 3 	- 
the electron affinity of this species, 0F30, is estimated 
to be < 2'BeV. 
Reactions 56 and 57, which have minimum enthalpy 
requirements of 4'1 and 6 '0eV respectively, are Suggested to 
account for t ion formation at 4'2 ± 02 and 68 + O'2eV. 
CF300CH 1 + 	56, F + OF  + C00113 
F' + C F 2 + 011200 + H 
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Using E(CF2 ) < 16 ± 0'5eV deduced in Chapter 7, 
section (g), the minimum enthalpy requirements of reactions 
58 and 59, which are the only two energetically favourable 
reactions below the appearance potential at 3'9 + OleV, are 
estimated to be 1'2 and 1'9eV respectively. 
c3coca3 +8" 
59, 
OF + CO + CH  
CF 2 - + 0112C0 + HP 
Reaction 591 being analogous to that proposed to account for 
0F2 ion formation from 0F 3d110, is that preferred. 	C72 
ion formation must therefore be accompanied by —2eV of excess 
energy. 
Reactions 60 and 61, which have calculated minimum 
enthalpy requirements of approximately 3'5 and 7'OeV 
respectively, are tentatively suggested as those responsible 
for 0F 	ion formation at LrLj. ± 02 and 6'8 ± O2eV. 
CF3000H3 + 6 60) OF 3-
61 
• 000112 + H 
• Co + CH2 + H 
Ion formation at 4y4 4 02eV would therefore involvec 
—0•9eV of excess energy. 
CF000H ion formation occurs by a single resonance 
onsetting at 74 ± 02eV and which may correspond to the 
following reaction, 
CF 3000H 3 + e 62)  CF000FI 3 + 2? 
If the F-072 C00113 bond dissociation energy is approximately 
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equal to the average value for the equivalent fluorocarbon 
bond dissociation energy i.e. 5'2 ± 02eV, and assuming that 
the F-CFCOOH 3 bond dissociation energy is not too different 
from D(F-0F2 ), which is calculated to be 39 ± O'leV from 
known thermochemical data, the electron affinity of the 
0F000113 radical is estimated to be > 17 ± 05eV and the 
beat of formation of the CFCOCH ion to be £-296V. There 
are no other values with which these may be compared. 
The CF2 000H3 ion exhibits two sharp resonances, the 
first oneetting at 12 ± 01 and the second at 74 ± 02eV. 
Assuming that D(F-0F2 C00R3 ) = 5'2 ± 02ev, as above, then 
from reaction 63 the electron affinity of the CF2 00CH3 
radical may be estimated to be > 10 ± 0'3eV and 
l'H f (CF2CQCH) to be C -53eV. 
CF3COGH J + e 6 4 0F2 000H3 + F 
The second peak at 74 + O2eV corresponds to a dissociation 
channel of reaction 54 and must involve reaction 63 
accompanied by the release of '-32eV of excess energy. 
CF3000U3 + e7.ev 	0P13000H3_**_63, CF2cOCH + F* 
(ii) Hexafluoroacetone, (CF 3 ) 2 00. 
The negative ions detected in hexafluoroacetone at 
low electron energies were F, CF 
3-$ 
 CFO - , 0F3 C0Th OF 3)2C - -' 
CF3COCF2 and the molecular ion (0F3 ) 200 which was found to 
have a thermal electron capture cross-section of 20 x 10 6 0m.2 
relative to 117 x 10cm. 2 for 8F6 . 35 These ions were 
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formed with relative abundances in the ratio 1000:257:18:17: 
4:36:67 at 70eV and 751:1000:25:10:8:6:8 at 10eV. 
The ionisation efficiency curves of (OF 3 ) 2 CO-  and 
3F6 measured simultaneously are shown in Fig. 8.6. 	A 
50/50 mixture of hexafluoroacetone and sulphur hexafluoride 
was used and so the two sets of ionisation data have been 
normalised for convenience of presentation; the ordinate 
for (OF 3 ) 200 being 589 times greater than that for SP 6 
It is apparent from Fig. 8.6 that both ions exhibit very 
similar energy dependence, the ionisation curve for the 
ketone being slightly broader in the wings than is that for 
the hexafluoride. This probably reflects the experimental 
difficulties encountered in measuring the very small 	CO- 
ion current, particularly as this work was carried out in the 
earlier stages of this research project using a tungsten 
filament. 
The appearance potential data for all the ions examined 
from hexafluoroacetone are given in Table 8.5 and the 
ionisation efficiency data for most of the ions are shown in 
Fig. 8.7. where the energy scale is calibrated against the 
appearance potentials of the 0 ion formed from 30  at 4 , 2 and 
66eV. 	It is apparent from the figure that several of the 
ions; F, OF 3-PFC0, 0F 3CO-  and 0F3C0CF2 Th exhibit coincident 
appearance potentials at 3'1 ± O'l and 54 ± 03eV. 	This 
suggests a common origin for these ions and following from 
above it is suggested that this is an electronically excited 
metastable state of the ketone which subsequently undergoes 
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Table 8.7. Appearance potential data for (0F3 ) 2 00. 
Ion 	Appearance 	Peak 	 Peak Width at 
Potential(eV) Maximum(eV) 	fr-height (eV) 
• 	3d + 0•1 	 + 01 	13 + 0'1 
	
+ 02 7'0 + 0'1 1•6 + 0'1 
80 ± 03 	shoulder 	 - 
0F3 32 + 0•1 4 - 3 + 01 12 + 001 
5•4 + 02 6•6 + o'l 15 + oi 
81 + 03 8'6 + 02 - 
100+02 110 +02 - 
0P0 30 ± 0'1 41 + 02 shoulder 
4-2 + 0'2 51 ± 01 shoulder 
55 ± 0'2 6'6 ± 01 15 ± Ol 
0F3CO_  3'2 + 01 ira + 01 1'0 + Od 
(OF 3)20 51 + 02 62 + 02 1•0 + 0'2 
CP'3000F2 32 + 0'1 + 0'1 1•1 + 0'1 
542 + 0'2 58 ± 02 - 
(0F 3 ) 2c0 	0'0+ 01 	0•45 ± O'l 	0•5 ± 0'1 
(0F3)2c0 + 	EL, (OF 3 ) 2 00 	P. CF 3-9 
 0F0, 
OF3Ccf, CF3C0CF, 
(OF 3)200 + e5.4eV 654  (0F3)200_** ) F_ 0 CF3 ' 0F0,(0F3 ) 2C, 
CF3000F2Th. ..... .. 
The heat of formation of hexafluoroaceton, was 
estimated to be -348'3 Koala/mole or -15deV using the group 
additivity tables of Benson et 
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If the F-0F2000F 3 bond dissociation energy is not too 
different from the average value of 52 ± 0'2eV found for 
the fluorocarbons (Chapter 7) then r ion formation by 
reaction 66 at 3'1 ± OleV would involve 1'3eV of excess 
energy. 
(0F3)200 + 	
66 r + CF2000P3 
67) 	+ CF2 + GOOF3 
68. F + CF2 + CF  + CO 
As the estimated minimum enthalpy requirement of reaction 68 
is 4•6ev the less energetically demanding reaction, 67, 
i.e. that which is analogous to the reaction proposed to 
account for P ion formation from CF3000H3 at 12eV, may be 
responsible for the appearance potential at 3'1 1  O'leV. 
Assuming this to be so 	heat of formation of the trifluoro-. 
methyl acetyl radical, CF3CO, may be estimated to be 
-76 ± 03eV and using this ,in conjunction with known 
thermochemjoa.1 data the CF 3 COCF3 bond dissociation energy 
Is calculated to be a 36eV. 	The corresponding bond 
dissociation energy in acetone has a strength of 38eV 133 
but it is likely137 that the GF3-000p3 bond is OleV weaker 
i.e. -37eV. 	The talus estimated above is consistent with 
the difference expected between the bond energies and 
consequently reaction 67 is proposed to account for pS  ion 
formation at 31 + OieV. 
Reaction 68 involving -09eV of excess energy or 
reaction 69,which has a minimum enthalpy requirement of 
approximately 52eV, are the most probable sources of F 
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Ion formation at 54 + 02eV and reaction 70, for which 
(cp3 ) 2 00 + 	69., F + CP2 + 0F200 + p 
70) p + 2CP2 + CO + P 
suggested to account for the shoulder 
at 8eV In the trailing edge of the major r peak, Fig. 8.6(b). 
It can be seen from Fig. 8.7 that the CF 3 ion is 
formed extensively over the 3- 13eV energy range. Using 
E(0F3 ) = 20 ± oiev' 1 ' 9 and known thermochemical 
data23 ' 129 including values deduced above i.e. Rf(CF2CO) 
and 	 the following reactions have the minimum 
enthalpy requirements shown, 
a1 min  (e 
(0F3)200 
 + e71,. OF 	+ CP300 o'6 
.72 CFf+CO+0P3 21 
73 CFj + 0P200 + F 29 
Th> OF 	+ C10 + CF2 
75 CF3 +0F2 +CO+p 60 
76> 0F3 	+ CF30 + 0 70-73 
"> CF3 +CO+CF+F2 905 
78) OFf +CQF+CF+F 968 
79 CFj+CO+CF+2F lll 
Assuming minimum excess energy involvement in ion formation, 
reactions 73, 74, 76 and 78 are suggested to account for the 
observed appearance potentials at 32 ± 01, 514 ± 02, 
81 ± 0-3 and 100 ± 02eV respectively. 
26]. 
0P0 ion formation showed a linear dependence on ion 
source pressure over the energy range shown in Fig. 8.7. 
If reaction 80 is that responsible for ion formation at 
3 60 ± OleV, 
(OF 3 ) 2C0M. a  80 CF0 + OF  + CF2 
the beat of formation of the fluoroformyl negative ion is 
calculated to be < -5011V. 	This value is in reasonable 
agreement with that of 5 -4•65 ± 05eV deduced for this 
species from ion formation in carbonyl fluoride. 55 ' 113  
Reaction 80, possibly involving excess energy, is therefore 
attributed to ion formation at 30 ± O'leV. As the next 
least energetically demanding process, reaction 61, requires 
over 6ev the shoulder at 1r2 ± 02eV and the major peak, 
onsotting at 55 ± 002eV, must correspond to reaction 80 
in which excess energy is involved. 
(CF3 ) 2C0 + e 61  CPO- + 20F2 + F 
The tritluoroacetyl negative ion exhibited a single 
resonance peak onsetting at 32 ± 01eV and which probably 
corresponds to the following reaction, 
(OF 3 ) 200 + 	82) CF3CO- + OF  
From the relationship D(CF3-COCF3 ) < A(C?3C0) + E(CF300), 
using the value of > 3 - 6eV deduced above for D(0F3-COCF3 ), 
the electron affinity of CF3CO is estimated to be 2.0Ll.eV. 
The 	ion was formed with a low cross-section 
onsetting at 50 ± 0'2eV and formation is attributed to 
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reaction 83. 
(0F3 ) 2C0 + e 83) (0F3 ) 2C + 0 
If D((0F3 ) 2C=O) - D(0H2 0), which is calculated to be 
545eV from thermochemical data, 23 the electron affinity 
of the (OF 3 )g radical is estimated to be z 0945eV. There 
is no other reported value with which this can be compared. 
The 0F3000P2 ion, formed by reaction 84, exhibits 
(0F3 ) 2C0 + e 8k, 	 + F 
a sharp resonance at 3'2 ± QleV and a lower cross-section 
resonance appearing as a shoulder on the trailing edge of 
this resonance at 52 ± 02eV. 	If D(F-CF2COCF3 ) is 
approximately equal to the average C-F bond dissociation 
energy found for the fluorcarbons i.e. 52 ± 02eV, then, 
from the appearance potential of reaction 84 at 32 ± 01eV, 
E(CF2000F3 ) is estimated to be > 20 ± O3eV. 
The second appearance potential at 52 ± 02eV, which 
may be identified as a dissociation channel of reaction 65, 
must correspond to reaction 84 in which —2eV of excess energy 
is involved. 
(c) Bis-trifluoromethylnitroxide, (0F3 ) 2N0. 
(0F3 ) 2N0 is a yellow solid at liquid nitrogen 
temperature which melts into a purple liquid before 
evaporating at -450C into a blue-purple gas. The chemical 
reactivity of (0F3 ) 2N0 has not been reported in the 
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literature and so the mass spectrum of the pure gas was 
compared with those of A, 00, 802  and  SF6  mixtures (50/50 
total P 1 tori') from which it was concluded that significant 
chemical reaction with these molecules does not take place 
at room temperature in the time period required for an 
ionisation efficiency run (-2 hz's). 
This molecule was of particular interest as the 
molecular negative ion, if formed, would be isoelectronic 
with CF3000F3 and (0F3 ) 2NF which are both well-known and 
stable molecules. 	As electron capture would involve lone 
pair formation, it might also be expected to exhibit unusual 
stability for a molecular ion with only 214 vibrational 
degrees of freedom. These suspicions were realized and 
the avenge autodetachnent lifetime of the molecular 
negative ion, which was formed at 0eV wflh a broad resonance 
maximising at 1'2 ± O'leV, was found to be -650 p800. This 
may be compared to the Sutodetachment lifetimes of the 
following molecules which also have 24 vibrational degrees of 
freedom; 014F6-2 (16'3 psec.), 0-014F6 (11•2 psec.) and 
(CF3 ) 200 (60 paGe. 66 ). 	Although it is apparent from these 
examples that the earbonyl group exerts a strong influence 
on the stability (lifetime) of the negative ion state 
reconciliation of the nitroxide lifetime can only be found 
in the stability Incurred by lone pair formation. 
( CF3)1O proved to be an abundant source of negative 
ions, the average cross-section for dissociative electron 
capture being several orders of magnitude higher than that 
found for hexafluoroacetone i.e. comparable with SF6 
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(-10 50m. 2 ). 	The ions F, CF3 , CF30, CF3N0, (OF 3 )1r 
and (0F3 )00 were all shown by pressure dependence 
measurements to be primary ions and were formed with relative 
abundances in the ratio 97:131:1000:53:946:32 at their 
respective capture maxima and In the ratio 1000:551:123:170: 
240:13 at 70eV. The rearrangement ion 0F30 exhibited the 
highest crosa-section at low electron energies, the peak 
profile being exactly similar to that of the molecular 
negative ion which is shown, together with the (OF 3 )jV 
ionisation curve, in Fig. 8.8. 	 - 
It can be seen from Fig. 8.8 that the (OF 3 ) 2No 
resonance peak is considerably broader than that exhibited 
by 3P6 and from Fig. 8.9(a) and (b) that all the 
fragmentation ions are also formed at this energy. The 
magnitude of the low energy peaks (below 15eV) was found 
to be partially, dependent upon the electron trap current 
whilst the relative dimensions of the remaining part of 
the ionisation curves remained unaffected by source conditions. 
It is therefore apparent that surface ionisation effects are 
prevalent at the lower electron energies although this, 
being inconsistent with the stability found for the other 
peak parameters i.e. peak onsets and maxima, does not provide 
the complete explanation. The width of the (OF 3 ) 2N0 
capture peak compared to that of 3F6 indicates that a broad 
band of closely spaced energy states are involved in ion 
formation and the appearance of all ions in this energy 
range may then suggest that some of these states are unstable 
toward the corresponding dissociative capture channels; 
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at. CuF6(0F3)2 Chapter 7 and ref. 135. 
(cF3)1q0 + 00-*1'5eV 85
> (0F 3)2N0_* --* Y, CF3Th CF30, 
CF3NOTh CCF3 ) 2C,..... 
Because of the relatively low cross-section of the neutral 
peak it was not possible to'measure the autodetachmat hf e-
time at energy intervals over the resonance and thereby to 
identify more than one state of. the ion. 
The sub-thermal energy peaks found after deconvolution 
of the experimental data and shown in Fig. 6.8(b) and 
evident as tails on the leading edges of the fragment peaks 
shown in Fig. 8.9(b) are probably the result of either back-
ground surface ionisation or ineffective unfolding of the 
broad tails peculiar to these data as the peak amplitudes 
were not reproducible. The remaining part of the 
ionisation curves, 1 -t 10eV, were totally unaffected by 
source conditions i.e. filament temperature, and are there-
fore considered to be normal dissociative capture data. 
No thermochemical data are available for (CF 3 ) 2N0 and 
insufficient group contributions are available in 
tabl.s16 to provide estimated values. The CF  ion was 
therefore investigated in order to provide a value for the 
CF3-NOCF3 bond dissociation unergy which, in the absence of 
thermochemical data, maybe used as a comparison with values 
deduced from the negative ion data. The ionisation 
potential of the molecule was also measured at the same time 
and the appearance potentials measured relative to an energy 
scale calibrated against the spectroscopic appearance 
potential of A+/Argon at 15'76eV15 are given in Table 8.6. 
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Table 8.6. Positive ion data for (CF3 ) 2N0 
Ion 	Appearance 
Potential (eV) 
130 ± 0'5 
(cF3 )/0 
	10'5 ± 02 
Using the appearance potential of the CF3 ion in 
conjunction with the known ionisation potential of 0F33 
io'i ± Oiev, 23 the CF3-NOCF3 bond dissociation energy is 
estimated to be 5 29± O6eV. 
Excluding the thermal energy peaks the negative ion 
appearance potential data is given in Table 8.7 where the 
uncertainties shown are the average or several repeated 
determinations. 	The energy scale in Fig. 8.9 is calibrated 
against the appearance potentials of the C ion formed from 
802 at 4 0 2 and 6'6eV. 	Initially all ions were intercalibrated 
In the pure gas before addition of a small 302  sample and 
all experiments were carried out within LO hours of breaking 
the ampoule seal. 
It can be seen from Fig. 8.9(b) that the F ion exhibits 
three major resonances the first onsetting at 16 ± O1eV, 
the second at 35 + OCteV and the third, a shoulder on the 
trailing edge of the second peak, at —52e1. The initial 
onset probably corresponds to the following reaction, 
(CF 3 ) 2No + 	86) r + cp2wocp3 
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Table 8.7. Appearance potential data for (CF 3 ) 2N0. 
Ion 	Appearance 	Peak 	 Peak Width at Potential(eV) Maximum(eV) 	j—height(eV) 
	
16 ± 01 	2-5.t 0 6 1 	101 ± 01 
305 + 01 47 + 0•1 
- 5'2 	 shoulder 	
) 
65 shoulder - 
OF 1 - 3 ± 01 19 ± O'l 08 ± ol 
27+02 U•5+•02 





—6'5 shoulder - 
CF30 00 + O•l 1'2 + 01 1'0 + DCL 
C73NcY 12 + 01 19 + 01 101 + OCL 
26 + 01 + 0'1 l'j. + 01 
shoulder - 
(0F3 ) 2C 00 + OCL 12 + 0'1 1•2 + 0'1 
2'7 + 0'2 shoulder -' 
(OF 3 ) 2wo 0'0 ± 0'1 12 ± 01 1'0 + oi 
from which the F-0P2N00F3 bond dissociation energy is 
estimated to be c 5'05 ± 0'lev in accord with values deduced 
for alniilar bonds above or reported in the literature, i.e. 
D(F-0F3) = 5'3eV, 130  D(F-C2P5 ) c 5'25 ± O'leV, 17 D(F-C 3F7 ) 
5'25 ± O'leV (Chapter 7). 
If the appearance potential at 35 + Q'lev corresponds 
to reaction 87 which is analogous to that identified with 
P-  Ion formation from (0F 3 ) 2C3 at 3'1 ± 0'leV and 0F300G11 3 
at 14'2 + 0'2eV then, 
•1 
02M 
(CP3 ) 2No + 	87, 	+ OF2 + CF3NO 
B(CF2-N0cp3 ) is deduced to be 1-9 ± 02eV. 	In the absence 
of thermochemical data further process identification is 
precluded 
The OF 
3-  ionisation curve bears a close resemblance 
to that of the F ion and four processes are apparent. 	The 
following reaction is proposed to account for the initial 
appearance potential at 1-3+ Olev, 
(OF 3 ) 2N0 + e 	OF + OF3NO 
Using E (OF 3 ) = 20 ± O , IeV4j l7 y ll9 the CF3-.N0CP3 bond 
dissociation energy is estimated to be < 33 ± 02eV in good 
agreement with the value C 29 ± 0'6eV deduced from the 
positive ion data. Reaction 88 is therefore attributed to 
ion formation at 1-3 ± 0-1ev. 	Reversing this argument and 
setting the appearance potential equal to the minimum 
enthalpy requirement the following may be deduced, 
Ni (OF 3)2NO - AHfCF]1O < -8'2 ± 02eV. 	Now, assuming that 
the onset at 2'7 j 02eV corresponds to the next least 
energetically demanding reaction:- 
(OF 3 ) 2N0 + e 89> 0F3 + NO + OF  
the heat of formation of (CF 3 ) 2N0 is estimated to be 
-13-6 ± 0146V. 	Using this in conjunction with the 
difference calculated from reaction 88 AH(C?]To) is 
estimated to be £ -5'4 ± 0-6ev. 	Support for these values 
and therefore the reactions suggested is found from their 
use in a calculation of the minimum enthalpy requirements 
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of reaction 87 which has been proposed to account for F 
ion formation at 35 ± OleV; AHmin = 	± 1'lev. 
Using the values deduced above the minimum enthalpy 
requirement of reaction 90 is estimated to be 6'6eV and is 
thezefore suggested to account for the observed appearance 
potential at -'6'5eV. 
(CF3 ) 2N0 + 
	90) CPf + NO + 0F + F 
91, CF  + CF2NO + F 
The reaction responsible for the shoulder at —90eV cannot 
be unequivocally Identified but may correspond to reaction 91. 
Using the value< 33 ± O'2eV deduced for D(0F3-N0CF.) 
from reaction 88 in conjunction with the appearance potential 
of the CF.3N0 ton formed by reaction 92 at 1'2 ± OleV, 
(0F3 ) 2N0 + e 92 )CF3NO-  + CF3 
the electron affinity of the trifluoromethylnitroxide 
radical is estimated to be > 2'1 ± 03eV. 	Reversing the 
argument 6Hf (CF3NO) is calculated to be £ 75 ± 05eV. 
Reaction 93, the next least energetically demanding reaction, 
is then estimated to have a minimum enthalpy ! requirement of 
51 ± l'leV and may therefore correspond to the process 
relevant to the low cross-section shoulder at 5'4eV. 
(CP3 ) 2N0 + e 	0F3N0 + CF + F 
The major peak onsetting at 26 ± 0].eV must therefore 
correspond to reaction 92 with an excess energy involvement 
of —l'Lj.eV. 
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The (CF3 ) 2N' ion was found to exhibit a similar cross-
section profile to that of the molecular negative ion except 
for the presence of a second, low cross-section, resonance 
in the tall of the peak. 	It the onset at 0.0 ± OleV 
corresponds to reaction 94 then that 
(0F3 ) 2tqo + a 	'- 	(0F3 ) 2N -  + 0 
at 27 ± 0•2eV must also result from reaction 94 involving 
—27eV of excess energy. From reaction 94 it may be 
deduced that E((0F 3 ) 2N) > D((0F3 ) 2N=0). 
The 0F30 ion was formed with a very high cross-section 
at 0ev and its formation has been partially attributed to 
effects at the surface of the filament. 	However, the 
stability of the cross-section profile under different ion 
source conditions indicates that contributions to the ion 
current must originate from a rearrangement reaction of the 
type shown, 
(0F3 ) 2N0 + e 	0F30 + OF1 
96-
30 0F30 + OF3 + N 
Using known thermochemical data' 23 ' 11  in conjunction with 
AHf (CF3 ) 2N0 deduced above the minimum enthalpy requirement 
of reaction 96 is calculated to be approximately 56eV. 
Reaction 96 does not therefore contribute to ion formation 
and reaction 95 is proposed to account for the ionisation 
curve observed. 	Using E(0F 30) > 19+ 02eV 113 and the 
appearance potential at 00 ± 0leV, the heat of formation 
of the OF? radical is estimated from reaction 95 to 
be £ -51 ± O7eV. 
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The electron affinities, bond dissociation energies 
and heats of formation measured and deduced in the course 




SUMMARY OF RESULTS 
In this chapter, values obtained for electron affinities, 
ionisation potentials, bond dissociation energies and heats 
of formation are collated, discussed and compared to the 
results reported, if any, by other workers. 
Table 9.1. Electron Affinities. 
Species Electron 	Source 	Other Literature 
Affinity (2ev) 	Molecule Values (eV) 
FCN 	>2•8+17 	Pr 2  ON 
FC1 	1 - 5 ± 0•14 	SF5C1 	> lO!. (stability) 
NCO 	> 2'6 + O'L. 	PF2NCO 
PP  > 1-6 ± 05 ?F2NCS 
SP   295+O•1 SP  2"71 
SF, 1-24 SP 4 (calculated) 
SF, 
SF6 1144 1-434 
(calculated) 
WILW >2'5 
2. o8 	± 02 
CF2 < 1-6 ± 05 c-%  F3 2. 0- 2,
119  >0 - 6+ 1-0, 113  
2'65 
CF2C 	C 1-9 	 CF3dHO 
£ 1.5 CF3CHO 
[Contd. 
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Table 9.1 (contd. 
Species Electron Source Other Literature 
Affinity (eV) Molecule Values 	(eV) 
CF 3 C £ 31 CF3CHO 
•, 28 CF300CH 3 
C F 21 ± 02 n-C F 1.8+042,124 
0.2, 124  
22 ± 03 n-C4Flo  _2t3 0 122 
_..2.41 7 
C 3 F5 27 ± 0'2 0 3?6 
' 24 ± 1)- 3 04F8-2 
25 + 03 c-C4?8 





2 - 35.± 02 n-C3?8 2-0,4 	244122 
22 + 02 n-C4Flo  
%F5  1'7 + 0'2 c-C4?6 
C 
4  F 7 -3 *5 
26 ± 0'5 C 4?6 OF 3)2 
C4?9 325 ± 03 n-C4Flo  
C5?9 31 + 03 C4F6 (CF3 ) 2  —3-1 
135 
4'2 ± 02 04F6(CF3)2 _3.5135 
10F3C0 	z 04 	 (OF 3 ) 2 00 
CF3NO 	> 2'l ± 0'3 	(0F3 ) 2N0 
	
CFCOCH 3 > 17 ± 05 	CF3000H3 
CF200CE3 2.  lO + 03 	0F3 000113 	-- 
CF2 COCF3 i' 2•0 ± 03 	(CF 3)200 
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It can be seen from Table 9.1 that only in a few 
cases have electron affinities been reported previously 
but in these cases the agreement is generally good. 	The 
value of E(FCl) = 15 + 0-4eV, although estimated from a 
single reaction, is in good accord with the lower limit 
(1014eV) calculated for this species from the stability of 
the ion against decomposition to Cl plus F. 
reported from a magnetron study of sulphur tetrafluoride to 
be 271eV1 and deduced In this work to be 2'95 + OleV, also 
from ion formation In sulphur tetrafluoride, are in complete 
agreement within their respective experimental uncertainties. 
The value of 1244eV calculated for E(8F6 ) from the 
statistical theory of electron attachment 35 is in excellent 
agreement with the value reported from a magnetron 
investigation of sulphur hexafluoride by Page and Goode 
(1'43eV), therefore lending support to the treatment of small 
molecules by this approach. 
The electron affinity of the 0P2 radical determined from 
a single reaction to be C 16 ± 0'5eV may be compared with 
the previously reported electron impact values of > 0.2119 
and > 096 + 1O6V. 	As the use of this value, 	16 ± 
05eV, in the calculation of the energy requirements for 
further 0F2 ion forming reactions by c-%  F5 resulted in 
values which matched the measured appearance potential data 
this value is preferred. 
The electron affinity of the trifluoromethyl radical 
has been determined by several groups of workers 14,7,99  
and the average value of 2'OeV is accepted and has been 
used in the main text. 	It is also found, from the electron 
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affinity data reported in the literature, that the electron 
affinities of fluorinated radicals increases as the homologous 
series are ascended. The values deduced in this work for 
E(U2?5 ) i.e., 2'1 ± 0'2 and 22 + O3eV, are in accord with 
these observations and in agreement with the previously 
reported values of —2-3 122 and —2 L1eV. 
Of the two determinations for E(0 3P7 ) the higher value, 
2'35 ± 02eV, which was calculated from ion formation in C 3?8 
by a reaction which does not involve C-C bond cleavage, is 
preferred. This is in agreement with the value of —24eV 
estimated by Lifshitz and Grajower122 also from ion formation 
in C3F8. 
The values deduced for E(C 5F9 ) and E(C6F11 ) from ion 
formation in %F6 (OF 3 ) 2 are in reasonable accord with the 
values estimated by Lifshitz at al. 135 
The electron affinity deduced for ?ON, > 2'8 ± 17eV, 
may be compared with the electron affinities of other 
dihalogen negative ions i.e. E(F2 ) = 29 ± 0,2 0 65 E(Cl2 ) = 
252 ± 0.1765 and E(FO1) = 1'5 ± 0 '4eV (above). 
Values for the electron affinities of the ON and NOS 





in the relevant 
radicals have been reported by Page and Goode 
03 and 2'2eV respectively and a survey of the 
shows that those radicals containing an oxygen 
place of a sulphur atom exhibit lower electron 
E(NCO), deduced above to be > 2'6 ± O4eV, may 
slightly high thereby indicating excess energy 
reaction. 
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There are no previous values reported for 
E(I'p2 ) but this work puts it 	as > 29 and > 16 ± 0'5eV 
respectively. 
E(SF) was calculated (Chapter 4) from the statistical 
theory for electron attachment 35 to be 1'24eV. Using this 
value, reconciliation of the 8F4 appearance potential data 
from SP6 and SF5C1 with the energetically favourable 
reactions was achieved, thereby lending support to the value 
calculated. 
The electron affinities of wF and WF5 are estimated 
to be > 2 - 5 and > 0•55 + 02eV respectively. 	The value for 
which was estimated from a reaction identified on 
the assumption that a trend exists for the dissociative 
capture behaviour of the inorganic fluorides, is not expected 
to be as reliable as the value deduced for E(WF5 ). 
The respective values obtained for E(CF2 C) and E(CF3C) 
from reactions involving different source molecules are in 
good accord but because of the possibility of excess energy 
in the relevant reactions these results may be expected to 
be upper limits. 
Although the molecular structure of the Cf radicals 
formed from the source molecules examined may or may not be 
identical the electron affinity of the 0 3 F  5  radical from the 
three systems show excellent agreement and an average value 
of 26 —+ , 0 '40V is suggested. 
E((CF3)2c), E ( CuFs)s E(04F7 ) and E(C4F9 ) have not been 
reported previously but the values measured in this study 
appear to be consistent with the general trend of increasing 
electron affinity with ascent of the homologous series. 
There are no other reported valdes with which the 
remaining electron affinities shown in Table 9.1 can be 
compared. 
Table 9.2. Ionisation Potentials. 
Species 	Ionisation 	Source 	Other Literature 
Potential(eV) Molecule Values (eV) 
ON 	< 16 	 PP ON 	114.222(011 ON), 
< i58 (CH3CN) 
P77 
NCO 	< 114•1 	 PF2NCO 
NOS 	c 12'9 	 PF2NOS 
Ge? 	 GeF14 
Ge?2 	 C 98 	 Ge?14 
OeP 	c 103 	 Ge?14 
PP 	 107 + 22 	
Pp  
PP2 	> 9'8 ± 14 	PP3 
P?3 	113+ 0'2 	PP3 
PFCN > 101 PP2CN 
PF2ON 116 ± 02 PF2CN 
PFWOO Z 9•7 PF2NOO 
PP2NCO 105 ± 0•2 PF2NCO 
pFjcs >. 9'2 PP2NCS 
PP2NCS 9'8 ± 02 PP/CS 
SP14C1 < 125 ± 0'2 SF501 
(CP3 ) 2NO 105 ± 02 (cF3 ) 2N0 
S 10. 1422 (OH?CS) 
9.7122 3 2 3, 
115 ± 0.156 
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It is apparent from Table 9.2 that there are few 
ionisation potential data available from the literature with 
which comparisons can be made. 
Because of possible excess energy involvement in the 
relevant reactions the values deduced for I(CN), I(NCO) and 
I(Ncs) are expected to be upper limits. 	However, the value 
I(ON) C 16'5eV is in reasonable agreement with the upper 
limit of 158eV proposed by McDowell and Warren57 and, as 
discussed in the text (Chapter 6) I(NCS) < 129eV is viewed 
with more confidence than is the earlier value of C 10-4ev- 
22 
I(PF3) = 113 + 02e1 is in agreement with the higher 
of the reported values i.e. 115 + 0'iev' 9 6 which was measured 
from a photo-electron spectroscopic study of PF3 . 
The values for t(PF).and I(PF2) estimated in this work 
from a study of positive ion formation in PF 3 are associated 
with large uncertainties as a consequence of the thermo-
chemical data used in the calculations. 	These uncertainties 
are not believed to be realistic (see text) and 1(1'?) > 107eV 
and I(PF2) a 98eV are suggested to be acceptable values. 
Table 9.3. Bond Dissociation Energies. 
Bond 	Dissociation Source Other Literature 
Energy (eV) Molecule Values (eV) 
F-Ge 	 GeF 
(average) 	(positive ion 
data) 
F-P 	 PF2CN 	4'5 ± 1.018 
PF2CN 
-4r4 	 PP2NCO 
[Contd. 
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Table 9.3 (contd. 
Bond 	Dissociation Source Other Literature 
Energy (eV) Molecule Values (all) 
F-PP 	 '1'6 PF2 CN irô ± 07 
—I9 PF2 CN (thermochemistry/PF 3 ) 
£ 5-0 	0"5 PF2NCO 
irs ± 02 PF20PF2 












51 + 0*7 
2-7 ± 0-4 
365 ± 005 
3 . 5 + 03 
< 2-65 
S 315 
5-8 ± 0'3 
S 5'25 + 0'1 
_s 5•05 ± 0-1 
£ 535 ± 01 
£ 5'25 ± 01 
1535 ± 0-1 
£ 55 ± 01 









s - "- ± 0'3(average) 
(thermochemistry) 












F2 0-NOCF3 	1-9 + 02 	(0F 3 ) 2N0 
[Contd. 
Table 9.3 (contd.) 
Bond 	Dissociation 	Source 	Other Literature 
Energy (eV) Molecule Values (eV) 
ME 
F C-Nbc? 	C 3 . 3 ± 02 
Tnegative ion 
data) 
< 2'9 + 0'6 
Tpositive ion 
data) 
F30-COCF3 > 36 
F3CC2?5 	.5. @55± 02 
F30-C3F7 	S 4 - 3 S 92 
?3C _ C2FuCHO I 19± 03  




NC-PF2 	 'C 31 ± 03 	?F2 0N 
(negative ion 
data) 
C 36 + l6 
Tpositivo ion 
data) 
OCN-PF2 	 C 3'0 +0•3 	PF2NCO 
Tnegative ion 
data) 
C 35 + 1.6 
Tpoaittve ion 
data) 
SON-PP 	c 2'2 + 0•1 	PFJCS 2 Tnegative ion 
data) 
C 2.7 + 16 
(Positive ion 
data) 
SsrCNPF2 	< 5 4 1 + 0•5 	PF2NCS 
£ 4 -1 ± 0'2 PF2NCS 
28]. 
From Table 9.3 it can be seen that agreement between 
the available literature values and those deduced in this 
ctt.1dy is found to be quite reasonable in every case. 
D(F-SF5 ), D(P-SF) and D(F-2F 3 ) were calculated from 
appearance potential data which were confidently identified 
with reaction processes for which calculations could be 
readily performed. Although the F-S, F-SF and FSF2 bond 
dissociation energies were determined on the assumption 
that excess energy was not involved in the respective 
reactions proposed to account for F ion formation from 
SF6 , the value deduced for D(S-F) i.e. 255 ± 02eV, is in 
good agreement with the value of 28±.02eV reported by 
Gaydon. 15  
The (F-C) bond dissociation energies deduced lie in 
the range c 505 ± 01 for fl(F-CF2NOCF3 ) to c 5'45 j O'leV 
for D(F-%F9); this is in agreement with the magnitudes 
reported for similar bonds in the literature i.e.D(F-CF 3 ) = 
5 . 3, 130 D(F-C2F5)c 5.2,17 n(F-c2F3)< 525 ± 	and 
D(F-CFO) < 5 . 5 ± 0' 1eV. 55 
Although the discrepancies between the carbon-carbon 
bonds deduced for C 3F3 and CuFlo in this study i.e. C 1r55 
± 0'2 and .s 4 - 3 ± 0'2eV respectively # and the hydrocarbon 
bonds D(H3 0-C2H5 ) = 37 and D(H5 02-02H5 ) = 3"8eV reported by 
Kerr133 are difficult to reconcile the electron affinities of 
C2F5 and C 
3 
 F 7  which were calculated using these values are in 
good agreement with independent values deduced from other 
reactions and those in the literature. 	It is concluded 
from these observations that either (i) the C-C bond energies 
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obtained in this study are correct within their respective 
uncertainties or (ii) that comparable amounts of excess 
energy are released in the complementary reactions involving 
rupture of the bonds in question. 
The ?F 2-X (where X = ON, NCO or NOB) bond dissociation 
energies estimated from the positive and negative ion data 
are in agreement within their respective uncertainties. Use 
Of accurately measured appearance potentials and available 
electron affinities results in a preference for the negative 
ion values. 
Table 9J4. Heats of Formation. 
Species 	 Heat of 	 Source 
Formation (eV) 	Molecule 
GeF 	 > -15l 
(positive ion data) 
C -17'1Hj 04  
Tnegative ion data) 
SF 	 -515 ± 0•15 







C3F3 (oF3c2 ) 
(CF2coY?) 




•< -0.5 ± 0'3 
S -Lr ± 0* 











Table 9.4 (contd. 
Species 	 Heat of 	 Source 
Formation (eV) 	Molecule 
C 3F5 (OF 3CCF2) 	£ -6•8 	0'2 	 03F6 
(OF 3CFCF) C 73 ± 066 
(CP2CFCF2 ?) 	C -4 - 95 1 0'3 
03F5 .5. -9.5 ± O.L C3F6 
S -97 ± 0'3 CF52 
C4F5 -56 ± 02 C-C 4F6 
CF7 c -11'2 ± O'Li. 
CF? C -3d +07 (0F3  ) 2N0 
0F1N0 c -54  ± 0•6 (cF3 ) 2No 
0F3C0 C -7'6 ± 03 (0F3 ) 200 
(CF3)2N0 S -136 ± O. (cF3 ) 2N0 
0F0 < -54 (OF 3 ) 2 00 
C2F4CO -  -9•6 02F50110 
C3F6 CO-  'C -l38 03P70H0 
CF000Hj £ -2'9 CF3COGH3 
CP2000E3- S -53 0F300011 3 
CFO is the only species listed in Table 9.4 for which 
previous data have been reported. 	Prom ion formation in 
CF20, MacNeil and Thynne55 ' 113 have reported a value of 
2'75 ± 02eV for the electron affinity of the fluoroformyl 
radical aid -1'3 ± O'3eV for the heat of formation. 
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is therefore given to be -1r55 S 0'5e1, in reasonable 
accord with the upper limit of -54eV deduced in this study. 
For 6H1 (GeF14), the upper limit of -175 ± O1eV deduced 
from the negative ion study is preferred. 
Differences in the heats of formation of the C 
3 F 3- 
ion 
may indicate that different isomeric species are involved. 
C 3F ion formation from %F6_2  is identified as having the 
stable acetylenic structure CF3cEtf in which the captured 
electron forms a lone pair with the odd electron on the 
terminal carbon atom thereby acting as a substituent group. 
The C 3 F ion formed from c -%  F6 by a reaction involving 
intramolecular rearrangement is unlikely to share the same 
structure as this would involve the simultaneous transfer 
of two fluorine atoms in the rearrangement. Single 
fluorine atom transfer across the ring results in the stable 
diene structure 0F2 =a=cY again in which a lone pair is 
created on a terminal carbon atom. 	An investigation of 
negative ion formation in CF200?2 may serve to substantiate 
this argument. 
The sane reasoning can be applied to the values 
deduced for Ai1(C 3F5 ). Those estimated from ion formation 
in C3F6 and 	are in good agreement, as are the electron 
affinities, and the values for #)H f (C3 F5 ) suggest that the 
same isomeric species is involved in both cases. However, 
from energetic considerations and assuming the absence of 
rearrangement the following structures have been proposed 
for the C 3?5 radical; CF36= CF2 from 03F6 and CF3 CF= CF 
from Cj-2. These structures may then be resonant isomers 
26$ 
or alternatively the structure of the 0 3 F, radical formed 
from C 36'  identified on the assumption that the tertiary 
fluorine atom is lost in the reaction, may be CF 3 CF= OF in 
which cae a secondary fluorine atom is involved in ion 
formation. Following the argument advanced for 0 3F~ -
ion 
formation from o-04F6 above and assuming that fluorine atom 
transfer arcae the ring occurs in c-C 4?5 the structure 
of the C3F5 radical is anticipated to be U2 = CF-CF2 in 
which the odd electron neonates between the three carbon 
atoms in the chain. 	If this is so then, it is difficult 
to reconcile the argument suggested above for the resonating 
structures without also including the CF 2 = CF-6F2 isomer. 
The formation of C/ from 03F6 by the loss of a secondary 
fluorine atom is therefore preferred and the ethylenic 
structure, 0F3 OF= CF proposed for the 03F5 radical formed 
from C3?6 and 04F5-2. 
The remaining values shown in 'Pablo 9.4 were calculated 
from single reactions and in the absence of literature values 
cannot be compared with other determinations. 
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APPENDIX 1 
THERMOCHEMICAL DATA 
The thermochemical data used in the text are tabulated 
in this appendix together with their literature references. 
For ease of presentation the data relevant to each chapter 
have been grouped together in order of increasing molecular 
weight and values used in more than one chapter repeated 
in each case. Heats of formation calculated using the 
additivity rules 36 and values deduced in the text and then 
used for further calculations have been marked as such and 
all values haver been given in electron-volts where 
1eV = 2306 Koala/mole. 
Species 	Heat of Formation 	Literature Source 
at 2989K (eV) 
CHAPTER 5 
F O'82 129 
S 28+06 27 
C:l 126 . 	 23 
F2 0'0 27 
P01 -0•6 27 
SF -80 29 
Gel?2 -59±01 25 
SF6 -12'7 29 
SF5 C1 -10'9 29 
W 8'75 ± 01 27 




Species 	Heat of Formation 	Literature Source 
at 2980K (eV) 
CHAPTER 6 
C 7'Li- 23 
N 23 
o 23 23 
F O'82 129 
ON Lr3 23 
P 3•5 27 
S 28+06 27 
F2 0.0 27 
PP -074 27 
PP2 -47 ± 06 27 
?P3 -96 ± 0 '4 27 
CHAPTER 7 
o 7'L. 23 
F O'82 129 
8 5± 02 27 
CF 252 128 
P2 00 27 
02? 29+ 0* 131 
CF2 -181 128 
GPO? -00 128 
CF3 -4'9 127 
CF2CF 127 
CF -9•4 127 
CF3CP -1r8 129 
O2P(CF2CF2 ) -6'6 127 
02F5 -92 127 
C2 P6 -13'? 127 
C-O 
4F6 -10•1 134 
04F6_2  -9 - 7 134 
n-C 3?7 - 1 3 6 3 127 




Species Heat of Formation Literature Source 
at 298°K (eV) 





H 226 23 
C 71. 23 
OH 62 23 
0112 4'O6 23 
N Lt.•9 23 
0113 14 23 
O 26 23 
OH 23 
F 082 129 
HP -2'81 23 
Co -1'15 23 
CEO -02 23 
NO 09 23 
CF 252 128 
0113F -29 23 
OF 1•8 23 
00 27 
011200 -0•63 23 
CH300 -02 23 
CFO -1'8 ± 03 55 
CF2 -1'81 128 
OaF2 -<I'0 ± 03 Ch.?, section 
CF2 CH -12 ± 04 113' 
CF3 -49 127 








Species 	Heat of Formation 	Literature Source 
at 2980K (eV) 
CF2CF _210 127 
OF 0 -6-6 139 
CF3 CEO -8'2 Additivity rules 136  
0F30F 
-4 - 8 129 
C F (CF CF ) -6-6 127 
GF300CE 3 -87 Additivity rules136  
C2F5 -92 127 
C3F5 <-6'8 ± O'2 Ch. 	7, 	section 	(b). 
o F OKO -124 136 
(CF 3 ) 2 C0 -151 Additivity rules136  
n-C P -13'3 127 
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Ionization and Dissociation of Pentafluorosnifur 
Chloride by Electron Impact 
by P. Harland and J. C. J. Thynne 
Chemistry Department, Edinburgh University, Edinburgh, Scotland (Received July 81, 1969) 
Positive and negative ion formation as a result of the electron bombardment of pentafluorosulfur chloride has 
been studied. Various ionization processes have been suggested to account for the formation of the ions, and for 
several negative ions the dependence of their formation upon electron energy has been studied. 
As part of a continuing study of positive and negative 
ion formation by molecules as a result of electron im-
pact," 2 we have examined pentafluorosulfur chloride, 
SF50. This molecule is of particular interest from a 
negative ion standpoint since the closely related mole-
cule sulfur hexafluoride readily forms the ion SF 6 — at 
low energies, 3,4  and it is of interest to observe if the 
SF5C1 ion is formed similarly. 
In electron impact studies, when the electron source 
is a heated filament, uncertainties arise in the evalua-
tion of experimental ionization data because of the en-
ergy spread of the thermionically emitted electron 
beam; this is largely due to the ionization thresholds be-
coming smeared-out as a result of the high energy tail of 
the electron energy distribution. Analytical methods 
have been developed to reduce this problem for positives 
and negative  ions, and we have applied this technique to 
the negative ions formed by SF,Cl at low electron ener-
gies. 
Experimental Section 
The data were obtained using a Bendix time-of-
flight mass spectrometer, Model 3015. The pressure in 
the ion source was usually maintained below 5 X 10" 
mm in order to reduce the possibility of ion forma-
tion due to ion—molecule reactions. The energy of the 
ionizing electrons was read on a Solatron digital volt-
meter, Model LiVI 1619, and the spectra recorded on two 
1-mV Kent potentiometric recorders. 
In both the positive and negative ion studies, the 
electron current was maintained constant by automatic 
regulation over the whole energy range investigated. 
Ionization curves were usually measured three to five 
times, the appearance potentials for negative ions being 
reproducible to ±0.1 eV. The appearance potential of 
the 0 — ion from SO2 was used as the reference for energy 
scale calibration,' both the onset at 4.2 eV and the max-
imum of the resonance peak at 5.0 eV being taken as the 
calibration points. 65 For the positive ion studies 
argon was used to calibrate the energy scale, the method 
used for determining the appearance potentials being 
the semilogarithmic plot technique. 
The electron energy distribution, which was required 
to be known for the deconvolution procedure , 2 was mea-
sured using the SF, — ion formed by sulfur hexafluo-
ride. 3 ' 4 It was found that performing 15 smoothing 
and 20 unfolding iterations on the basic experimental 
data enabled satisfactory evaluation of appearance po- 
K. A. G. MacNeil and J. C. J. Thynne, lag. J. Mass Spec., 2, 1 
(1969). 
K. A. G. MacNeil and J. C. J. Thynne, ibid., 2,35 (1969). 
W. M. Hickman and R. E. Fox, J. Chem. Phys., 25, 642 (1956). 
C. J. Schulz, J. Appi. Phys., 31, 1134 (1960). 
J. D. Morrison, J. Chem. Phys., 39, 200 (1963). 
K. Kraus, Z. Naturforsch., ba, 1378 (1961). 
J. G. Dillard and J. L. Franklin, J. Chem. Phys., 48. 2349 (1968). 
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tentials, resonance peak maxima, and peak widths (at 
half-height) to be made. 
Results and Discussion 
(1) Positive Ion Formation by Pentafluorosuifur 
Chloride. In Table I we show the positive ion mass 
spectra for SF 5C1 and S175 measured at 70 eV. For both 
molecules, doubly charged fragments containing sulfur 
and fluorine are common, but it is noteworthy • that for 
SF6C1 few ions containing sulfur, fluorine, and chlorine 
are formed and these are generally of low abundance. 
Table I: Positive Ion Mass Spectrum of SF50 and SF6 
for 70-V Electrons 
spiel SF, 
Re!. R.I. 
rn/e Ion intensity Ion intensity 
16 8" 0.14 8" 0.06 
19 F'- 0.44 F 0.35 
32 5'- 3.10 S 1.44 
35 C1' 2.02 
SF,'t 1.53 SF 0.68 
37 Cl' 0.67 
44.5 SF,''- 0.04 SF,''- 0.01 
51 SF'- 6.13 SF 4.65 
54 SF''- 0.44 SF4" 0.39 
63.5 SF," <0.01 
67 SQ'- 1.57 
70 SF,'- 6.77 SF,'- 4.72 
86 SFC1 0.63 
89 SF,'- 36.8 SF,'- 18.0 
105 SF2 C1 0.20 
108 5F4'- 5.25 SF4'- 3.17 
124 SF,Cl 4 <0.1 
127 SF,'- 100 SF, 100 
143 SF4CP'- 11.0 
162 SF,Cl <0.1 
A low intensity parent ion is formed in the case of SF 5C1 
although the most probable ionization process involves 
the loss of a chlorine atom from the molecule. Positive 
ion appearance potential data for SF 6 have been re-
ported by Dibeler and iviobler.' Results of mass 
spectra of SF,C1 and SF 6 as shown in Table I. 
Energetics of Decomposition. For dissociation into 
atoms SF6 and SF6C1 require 20.3 and 18.9 eV, respec-
tively. 
5F6 -*-S+6F 	 (1) 
Sri 5CI-~-S -+5F+Cl 	 (2) 
If the S-F bonds have a constant bond energy, theft 
D(5F5-F) - D(5F5-Cl) 1.4eV and, using the value of 
3.4 eV deduced for D(SFrF) by Curran,'° then 
D (SF,-Cl) 2.0 eV. This relatively low bond strength 
is compatible with the observation" that pentafluoro-
sulfur chloride thermally decomposes at about 200°. 
The Journal of Physical Chemistru 
SF,+. We have measured a value of 13.2 ± 0.2 
eV for the appearance potential of the SF, ion. 
SF,Cl + e-*SF5 ++ Cl± 2e 	(3) 
Dibeler and Molders have reported that, for SF 6 , 
A(SF,) = 15.9 ± 0.2 eV. These results suggest that, 
neglecting possible excess energy contributions, 
D(SF,-F) - D(SF,-Cl) = 2.5 ± 0.4 eV, a result which is 
in reasonable accord with the difference deduced above. 
Cit Our data yield a value of 20.8 ± 0.3 eV 
for the appearance potential for the Cl + ion (Table II); 
Table II: Appearance Potentials of Various Ions in the Mass 
Spectrum of SF,Cl 
m/e 	 Ion 	 A, eV 
19 F'- 33.8 ± 0.3 
32 S 33.2 ± 0.5 
35 C1 20.8 ± 0.3 
127 SF,'- 13.2 ± 0.2 
143 5F,Cl 15.9±0.1 
possible ionization processes to explain the formation of 
the ion include 
SF,Cl+e--SF5+CU+2e 	(4) 
-*-5F4 +F+Cl++2e 	(5) 
->.S+5F+Cl++2e 	(6) 
If D(SF,-Cl) 	2.0 eV, then the enthalpy requirements 
of reaction 4 are about 16.2 eV. Reactions 5 and 6 re-
quire minimum energies of 19.1 and 33.1 eV, respec-
tively; it is therefore probable that reaction 5 is respon-
sible for Cl ion formation. 
F. An appearance potential of 33.8 ± 0.3 eV 
was obtained for this ion; in addition breaks in the F - 
and Cl-  ionization efficiency curves were noted at 32.8 
and 33.5 eV, respectively. 
SF,Cl+e-*S+4F+Cl+F++2e 	(7) 
).5+3F+Cl+F++F- +,2e (8) 
-S+4F+CL+F±+2e 	(9) 
Reactions 7, 8, and 9 have minimum enthalpy re-
quirements of 37.1, 33.7, and 33.5, respectively. Our 
data for .4 (F ±), together with the observed breaks in the 
F-  and Cl curves, suggest that both reactions 8 and 9 
are contributing to F + ion formation. 
S. 
SF5CI + e -* -S+ SF + Cl+ 2e 	(10) 
V. H. Dibeler and F. L. Mohler, J. Res. Nat. Fur. Stand., 40, 25 
(1948). 
R. K. Curran, J. Chem. Phys., 34, 1069 (1961). 
H. L. Roberts and N. H, Ray, I. Chem. Soc., 665 (1960). 
Ion A M 
SF, -  0 0.4±0.1 
SF, -  0.1 0.5±0.1 
SF, - 5.0±0.1 6,0±0.1 
4.3±0.1 5.7±0.1 
7.8 ± 0.1 9.3 ± 0.1 
10.5 ± 0.1 11.8 ± 0.1 
PW 	 Process 
0.6 ± 0.1 
	
SF6+ e - SF5 - 
0.8 ± 0.1 SF + F 
1.7 ± 0.1 	 - SF,- + 2F 
1.4 ± 0.1 - SF4 + F + F 
'-'2 	 - SF, + 2F + F 
1.6 ± 0.1 	 - SF, + 3F + F 
ELECTRON IMPACT STUDIES 
	
4033 
Table III: Appearance Potentials (A), Resonance Peak Maxima (M), and Half-Widths (PW) for Negative Ions Formed by SF,' 
a All values in eV. 
The enthalpy change for reaction 10 is 32.2 eV; this 
is in reasonable accord with the value of 33.2 ± 0.5 eV 
we have measured for the appearance potential of the 5+ 
ion. Any ion-pair process would have energy require-
ments at least 3.4 eV lower than this for (10) since it 
would involve F - or Cl- formation; we therefore 
attribute S + ion production to reaction 10. 
(e) SF4CIt 
SF5CI + e -- SF4Cl + F + 2e 	(11) 
A(SF 4Cl) = 15.9 ± 0.1 eV; if we assume that 
D(F-SF40) is the same as the S-F bond strength in 
SF,, i.e., r.'3.4  eV, then a maximum value of 12.5 eV 
may be deduced for the ionization potential of SF 4C1. 
(2) Negative Ion Formation. (a) OlonFormation 
by Sulfur Dioxide. The formation of negative ions by 
sulfur dioxide has been investigated by several workers, 
and the appearance potential of the 0 ion is sufficiently 
well established6-8 at 4.2 eV to be used to calibrate the 
energy scale. 
Our results for this ion are shown in Figure 1; the two 
resonance peaks observed have clear maxima but uncer-
tain appearance potentials. Deconvolution of these 
data, using an electron energy distribution measured 
using SFr'/SF,, give the results shown by the open cir-
cles. The threshold for the first peak is sharp and is 
separated from the peak maximum by 0.80 eV; this is 
in exact agreement with the difference obtained by 
Kraus' (using a retarding-potential-difference tech-
nique) and by Dillard and Franklin.' 
The onset of the second resonance peak is not quite 
resolved; Krause also was unable to completely separate 
the two peaks. The onset of the first peak and the 
minimum between the resonance peaks are separated by 
2.4 eV in both our work and that of Kraus. 
(6) Negative Ion Formation by Sulfur Hexafluoride. 
The negative ions observed at 70 eV are F -, S, F2- , 
SF-, SF2- , SF3 - , SF4-, SF6- , and SF5m withF andSFc 
being the most abundant. The formation of most of 
these ions is well known, in particular the SFc ion 
which has been used to determine the electron energy 
distribution. 3.4  The data are presented in Table III. 
(i) SF5 -. The SF,- ion is formed abundantly, pre-
sumably by the dissociative capture reaction 
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Figure 1. Ionization efficiency curve for 0 - ion formation by 
sulfur dioxide. Full circles, original experimental results; open 
circles, decoavoluted results obtained using 15 smoothing and 
20 unfolding iterations. 
and we have measured an appearance potential of 0.1 
eV for this ion, a result in good accord with those of 
other workers. 12,13 
SF, -. 
SF, +e -*SFr+ 2F 	 (12) 
Our experimental data indicate that A(SF 4j = 5.0 
± 0.1 eV; if reaction 12 is responsible for ion formation, 
then a value of 1.7 eV may be estimated for the electron 
affinity of sulfur tetrafluoride, E(SF4). 
F. Ion formation was observed initially at 
electron energies near to zero, indicating that D(SF5- 
F) 	E(F). Three other ionization processes were 
noted at 4.3, 7.8, and 10.5 eV, the process at 4.3 having 
considerably the largest cross section. 
SF, +e -  SF, +F+F 	(13) 
-*- SF, +2F+F- 	(14) 
-*-SF,+3F+F- 	(15) 
W. M. Hickman and D. Berg, Advan. Mass Spectrometry, 458 
(1958). 
A. J. Ahearn and N. B. Hannay, J. Chem. Phys., 21, 19 (1953). 
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The minimum enthalpy requirements for reaction 13 are 
3.3 eV, so we suggest that this reaction is responsible for 
the increase in ion current at 4.3 eV. Reactions 14 and 
15 have higher energy requirements than 13 in both 
cases S-F bonds being broken which probably require 
,-...i3 eV. The energy difference observed between the 
ionization processes are 3.5 and 2.7 eV; this is close to 
the likely S-F bond energies and we tentatively suggest 
that reactions 14 and 15 also participate in ion forma-
tion. 
(c) Negative Ion Formation by 8F5C1. The negative 
ion mass spectra measured at (uncorrected) electron 
energies of 2 and 70 cIT are shown in Table IV. F - is 
Table IV: Negative Ion Mass Spectrum of 
SF,C at 2 and 70 eV 
m/e Ion R.I. bit. (2) R.I. jot. (70) 
19 F- 1000 1000 
32 5 .. 0.65 
35 Cl_ 26.7 100 
38 F2 6.7 ...  
51 SF - 2.2 8.0 
54 FCI 2.2 2.0 
70 SF,- 2.0 0.65 
89 SF.-  2.2 16.2 
108 SIP, 2.3 3.3 
127 SF5 - 20.0 24.1 
the most abundant ion but, unlike Sr,, no parent nega-
tive ion is observed either at low electron energies 
(where it could be formed by primary electron capture) 
nor at higher energies where secondary electrons might 
be involved in the capture process. No ions which con-
tain 5, F, and Cl or S and Glare formed. Some Cl - and 
F- ion formation occurs at rQ  eV as a consequence of 
thermal decomposition of the pentafluorosulfur chlo-
ride on the hot filament. 
SF, -. This ion is observed at 0.2 ± 0.1 eV, the 
resonance peak attaining a maximum value a 0.7 eV. 
Ionization is attributed to the reaction 
SF 5C1 + e ->- SF5 + Cl 	(16) 
SF,- . Our appearance potential data for this 
ion are given in Table V. 
SF5C1+e--SFr+F+Cl 	(17) 
If reaction 17 is responsible for ion formation, then we 
can estimate a value of 1.0 eV for E(SF4); this may be 
compared with the value of 1.7 cIT deduced for E(SF4) 
in the experiments using SF,. 
SF3 - . The dissociation energy into atoms of 
SF4 is 14.0 eV; if we assume that the four S-F bonds have 
equal strengths, then D(5F3-F) 	3.5 eV and we may 
estimate that the heat of formation of SF 3 , AH(SF3) = 
-5.3 cIT. 
The Journal of Physical Chemistry  
SF5CI + e-*-SFc + 2F+ Cl 	(18) 
A(SF 3j = 7.9 eV so that, from reaction 18, we may 
estimate the electron affinity of SF 3 to be 0.5 cIT. The 
similarity of the appearance potentials of SF 3- and 
FCI initially suggest the occurrence of the reaction 
SF5CI ± e ->- SF, - + F + FCI 
but the energetic requirements for this reaction are such 
as to indicate B(SF3) < 0, and so the reaction is ne-
glected. 
FC1m This ion must be formed either by an 
ion-molecule reaction involving F - or Cl -, e.g. 
F- + SF5C1 -*- FC1- + SF5 	(19) 
or by rearrangement reactions such as 
SF5C1 + e ->- SF4 + FC1 	 (20) 
-*SF3 +F+FC1- 	(21) 
--SIP, +2F+FC1- 	(22) 
A study of the pressure dependence of FC1 ion for-
mation at 7.6 eV showed it to be a primary ion, and we 
may therefore rule out secondary reactions such as (19). 
Reactions 20 and 21 may also be neglected as sources 
of the FCI ion on energetic grounds. To estimate the 
energetics of (22) we require to know a116 (SF2). If we 
assume D(SF2-F) 3.3 eV, then AH(SF2) _ -2.8 
eV. Using this estimate we can calculate that E(FC1) 
- 1.5 eV. We know of no value with which this may 
be compared but values of 2.8 and < 1.7 eV have 
been reported for E(F 2) 2 and E(C12) ," respectively. 
C1. Our data for this ion showed it to have an 
appearance potential at 4.0 eV, the broad resonance 
peak rising slowly with a much more intense resonance 
process having an appearance potential at 7.6 0.2 eV, 
the peak maximum being attained at 9.1 eV. Some ion 
formation also occurred at electron energies rsO eV, 
this may be due to thermal decomposition of SF 5C1 or 
to the occurrence of reaction 23 since D(SF 5-Cl) < 
E(Cl). 
SF5C1 + e -*- SF5 + Cl 	 (23) 
(24) 
-4. S173 + 2F + Cl- (25) 
-.. SF3 + 11:2 + Cl- (26) 
- SF2 + 3F + Cl- (27) 
The broad peak which has its onset at 4.0 cIT may be 
attributable to reaction 26 for which the enthalpy re-
quirements are '--'3.2 eV. Reactions 25 and 27 would 
correspond to appearance potentials for Cl - of 4.8 and 
8.1 eV; we are therefore unable to identify the second 
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Table V: 	Appearance Potentials (A), Resonance Peak Maxima (At) and Half-Widths (PW) 
for Negative Ions Formed by Pentafluorosulfur Chloride' 
Ion A M rw Process 
SF5 - 0.2±0.1 0.7 	±0.1 0.8±0.1 SF5C1-SF5- + cjl 
SF.- 4.1±0.1 4.65±0.1 1.0±0.1 -SF4+F+Cl 
SF, - 7.9±0.2 8.9 	±0.1 1.4±0.2 -SFr+2F+ Cl 
FCI - 7.6 ± 0.1 9.1 	± 0.1 1.7 ± 0.1 -SF2  ± 2F + FCI 
C1 4.0±0.1 Uncertain .,. -.- SF, +IF,±C1 - 
7.6 ± 0.2 9.1 	± 0_i 1.6 ± 0.1 -SF, + 3F + Cl - (?) 
F - 3.2 ± 0.1 5.1 	± 0.1 1.3 ± 0.1 -SF, + FCI + F - 
6.3 :I= 0.2 6.5 	±0.1 ... 	. -SF,+F,+ Cl+F 
8.0±0.1 9.4±0.1 '-'1.5 -SF2+2F+Cl+F- 
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Figure 2. Ionization efficiency curve for F - ion formation by 
SF5C1. Open circles, original experimental data; crosses, 
deconvoluted results. 
ionization process more than tentatively and suggest 
that (27) is responsible. 
(vi) F-. A typical ionization efficiency curve for 
this ion before and after performing 15 smoothing and 
20 unfolding iterations is shown in Figure 2. Ion forma-
tion of low intensity occurs at energies near to zero, pre-
sumably due to the reaction 
SF5C1 + e -* SF4  + Cl + F- 
A further dissociative capture process occurs at 3.3 eV, 
the resonance peak reaching a maximum value at 5.1 eV. 
A reaction of very low cross section, occurs at 0.3 eV and 
a further ionization process at 8.0 eV. 
SF5C1 + e + SF3  + FCI + F- 	(28) 
--SF2+F2+Cl+F- (29) 
->- SF2+2F+Cl+F- (30) 
Reaction 28 would require that A (Fj - 2:4 eV, in rea-
sonable accord with the onset noted at 3.2 eV. Reac-
tions 29 and 30 have minimum enthalpy requirements 
of 6.7 and 8.3 eV, respectively, which in view of the un-
certainty associated with some of our thermochemical 
estimates, suggest that they may be assigned to the 
resonance processes occurring at 6.3 and 8.0 eV. 
(d) Thermochemical Data. We have used the fol-
lowing values for heats of formation (at 298°K) in our 
calculations (in eV); SF 6, - 12.7;" SF,Cl, -10.9 ;16  SF4, 
_8.0; 16  FCI, _0.6;17  Cl, 1.2;17  5, 2.8; 17  F, 0.8.' 
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Positive and Negative Ion Formation In 
Hexafluoroacetone by Electron Impact 
by P. Harland and J. C. J. Thynne 
Chemistry Department, Edinburgh University, Edinburgh, Scotland (Received June 95, 1969) 
Positive and negative ion formation as a result of the electron bombardment of hcxafiuoroacetoite has been 
studied and, from the positive ion data, a value of <4.16 eV calculated for the bond dissociation energy D(CF 5-
000F3). Hexafluoroacetone is an abundant source of negative ions, the principal ions being CF 3000Fc, 
CF3000F2 - , (CF3) 2C -, OF300 -, 0F3 , CF,-, CFO - and F-. The dependence of their formation upon elec-
tron energy has been studied and a deconvolution method used to analyze the results; ionization processes 
have been suggested to account for the formation of most of these ions at low electron energies and electron 
affinities calculated for several species. CF,000Fr is formed as a result of both primary and secondary elec-
tron capture and a value of 0.61 x lO-  cm' has been calculated for the electron attachment cross section for 
the ketone. 
Introduction 
Electron bombardment of a molecule may result in 
the formation of positive and negative ions. 1 The 
latter may be produced by (i) resonance attachment AB 
• e - AB; (ii) dissociative resonance capture, AB 
• e -.- A + B; or (iii) ion-pair formation; AB + 
e-A+B+e. 
These mechanisms usually operate at different elec-
tron energies, the resonance processes usually occurring 
in the 0-10 eV energy region and the ion-pair processes 
at energies above this. 
We have examined positive and negative ion forma-
tion in hexafluoroacetone over the energy range 0-70 eV. 
This compound was chosen because appearance po-
tential studies of positive ions should yield information 
regarding the carbon-carbon bond strength and enable 
The Journal of Physical Chemistry 
comparison to be made with the analogous bond 
strength in acetone; in addition, preliminary studies 
showed several negative ions to be formed and we have 
examined some of these ions and their electron energy 
dependence. 
In electron impact studies, when the source of the 
electrons is a heated filament, uncertainties arise in the 
interpretation of the experimental ionization data be-
cause of the energy spread of the thermnionically-emitted 
electron beam. This is because the ionization thresh-
olds become smeared-out as a result of the high-energy 
tail of the electron energy distribution. J\'lorrison' 
H. S. W. Massey, 'Negative Ions," Cambridge University Press, 
London, 1950. 
J. D. Morrison, J. Chem. Phys., 39, 200 (1963). 
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Figure 1. Ionization efficiency curve for 0 ion 
formation by SO 2. Full circles, original experimental 
data; open circles, deconvoluted results obtained 
using 15 smoothing and 20 unfolding iterations. 
has used analytical methods to remove the energy 
spread and has applied the technique to the problem 
of positive ions. We have applied such methods to 
study negative ion formation at low electron energies' 
and have extended their use in this work to include 
hexafluoroacetone. 
Experimental Section 
The data were obtained using a Bendix time-of-
flight mass spectrometer, Model 3015. The pressure in 
the ion source was usually maintained below 5 X 10 
mm in order to reduce the possibility of ion forma-
tion due to ion-molecule reactions. The energy of the 
ionizing electrons was read on a Solartron digital volt-
meter, Model LM 1619, and the spectra recorded on 
a 1-mV Kent potentiometric recorder. 
In both the positive and negative ion studies, the 
electron current was maintained constant by automatic 
regulation over the whole energy range investigated. 
Ionization curves were usually measured three to 
five times, the appearance potentials for negative ions 
being reproducible to th 0.1 eV. 
The appearance potential of the 0 - ion from SO2 was 
used as the reference for electron energy scale cali-
bration. 3-5 iii a previous paper' we used the S ion 
from CS2 for scale calibration purposes; this is a satis-
factory calibrant but we now find the 0 - ion formed by 
SO2 to be superior. Our principal reasons are that the 
0 ion is a more intense ion and also (as can be seen in 
Figure 1) two resonance peaks are observed for the O 
ion. As a consequence, although the appearance po-
tential of the ion at 4.2 eV is chosen for calibration 
purposes, the second appearance potential (6.6 eV), the 
positions of the peak maxima (4.9 and 7.5 eV) and the  
energy differences between these peak parameters 
serve as checks on the reliability of the calibration. 
For positive ion studies, argon was used to calibrate the 
energy scale, the method used for determining the 
appearance potentials being the semilogarithmic plot 
technique. 
The electron energy distribution, which was required 
to be known for the deconvolution procedure, was 
measured using the SF, - ion formed by sulfur hexa-
fluoride. 7 ' 6 It was found that performing 15 smoothing 
and 20 unfolding iterations on the basic experimental 
data enabled satisfactory evaluation of appearance 
potentials, resonance peak maxima and peak widths 
(at half-height) to be made. 
Materials. Hexafluoroacetone was obtained by dehy-
dration of the sesquihydrate. The impurities were 
fluoroform, hexafluoroethane, and carbon dioxide and 
these were removed by prolonged pumping on a vacuum 
line at —130°. 
Results and Discussion 
(a) Positive Ion Formation. We have measured the 
appearance potentials of the CF3+  and  CF,00± ions 
formed from hexafluoroacetone and obtained A(CF,+) 
= 14.26 ± 0.10 eV, and A(CF,COj = 12.04 ± 
0,12 eV. 
If the ionization processes leading the formation of 
these ions correspond to 
CF3COCF3 + e -- CF, + COCF, + 2e (1) 
-- CF3C0 + CF3 + 2e (2) 
then we may use these results to evaluate the strength 
of the CF3-COCF3 bond by means of such relations as 
D(CF3-COCF3) < A (CF, -6-) - I(CF3), 
where I(CF,) refers to the ionization potential of the 
trifluoromethyl radical. 
I(CF3) has been measured directly by electron im-
pact by two groups of workers 310 and a value of 10.1 eV 
obtained. It has been suggested," on the basis of 
reasonable values for the carbon-halogen bond strength 
in the trifluoromethyl halides, that this measured 
ionization potential is too high by about 0.8 eV. 
Recently, Lifschitz and Chupka 12 have measured the 
K. A. G. MacNeil and J. C. J. Thynne, mt. J. Mass Spectrom., 
3,35 (1969). 
K. Kraus, Z. Nalurforsch., 16a, 1378 (1961). 
J. G. Dillard and J. L. Franklin, J. Chem. Phys., 48, 2349 (1968). 
J. C. J. Thynne, J. Phys. Chem., 73, 1586 (1969). 
W-M - 
 Hickam and R. E. Fox, J. Chem. Phys., 25. 642 (1956). 
G. J. Schulz, J. Appi. Plus., 31, 1134 (1960). 
J. B. Farmer, I. H. S. Henderson, and F. P. Lossing, J. Chem. 
Phys., 23,403 (1955). 
R. I. Reed and W. Snedden, Trans. Faraday Soc., 54, 301 
(1958). 
V. H. Dibeler, R. M. Reese, and F. L. Mohler, J. Res. Nall. Bur. 
Stand., 57, (1956). 
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ionization potential for the trifluoromethyl radical by a 
photoionization technique and have reported that 
I(CF,) is 9.25 ± 0.04 eV. It appears that the differ-
ence between this value and the directly measured 
value is largely due to the fact that the adiabatic ion-
ization potential of the radical is much lower than the 
vertical ionization potential, the configuration of the 
CF3 + ion being very different from that of the radical. 
If we use the direct electron impact 9 "0 value for 
I(CF,) in conjunction with our data for A(CF,) we 
find that D(CF,-COCF 3) 4.16 eV. 
There are no other values reported for the CF,-
COCF, bond dissociation energy in hexafluoroacetone; 
because of the displacement reaction observed 13 when 
methyl radicals and hexafluoroacetone are present in the 
same system, it is likely 14  that the CFr-COCF, bond is 
about 0. 1 elf weaker than the corresponding bond in 
acetone (which has a strength of 3.8 eV), so that 
D(CF,-COCF,) 3.7 elf. 
Electron impact methods for measuring bond disso-
ciation energies usually yield upper limit values be-
cause of the necessary neglect and uncertainty of the 
kinetic and excitation energies involved in the ionization 
and fragmentation processes. It may be therefore that 
our experimental value of 4.16 eV compared with the 
estimated value of 3.7 eV reflects this uncertainty. 
However, the trifluoroacetyl radical has been shown to 
be unstable," decomposing readily by reaction 3. 
CF,CO -* CF, + CO 	 (3) 
Some or all of this energy difference of <0.46 eV 
may be used in decomposing the trifluoroacetyl radical 
formed in the initial ionization process; if this is so, 
then we may estimate a maximum value of 0.46 elf for 
the activation energy for reaction 3. Whittle, 16 
using a kinetic method, has deduced an upper limit of 
0.43 elf for this reaction. 
Our data for A(CF,CO) should, in principle, pro-
vide an unequivocal value for D(CF,CO-CF,), however 
no value is available for the ionization potential of the 
trifluoroacetyl radical. We may estimate I(CF,CO) 
if we assume that D(CF SCO-CF,) = 3.7 elf; our 
results indicate that I(CF,CO) < 8.3 elf. This value 
may be compared with the value of 8.05 ± 0.17 elf 
reported 17 for I(CH,00). 
(b) Negative Ion Formation. 0 Ion Formation by 
Sulfur Dioxide. The formation of negative ions by 
sulfur dioxide has been investigated by several workers 
and the appearance potential of the 0 - ion is sufficiently 
well established.' at 4.2 elf to be used to calibrate the 
energy scale. 
Our experimental data for this ion are shown in 
Figure 1; two resonance peaks are observed which 
have clear maxima but uncertain appearance potentials. 
]Deconvolution of these data, using an electron energy 
distribution measured using SF, -/SF,, give the results 
shown by the open circles. The threshold for the 
The Journal of Physical Chemistry 
first peak is sharp and is separated from the peak 
maximum by 0.70 elf; this is in good agreement with 
the difference obtained by Kraus 4  (using a retarding-
potential-difference technique) and by Dillard and 
Franklin.' 
The onset of the second resonance peak is not quite 
resolved; Kraus' also was unable to completely sepa-
rate the two peaks. The onset of the first peak and the 
minimum between the resonance peaks are separated 
by 2.4 elf in both our work and that of Kraus. 
Hexafluoroacetone (HFA). In Table I we show the 
negative ion mass spectrum of HFA measured at nom-
inal electron energies of 10 and 70 elf. The absence of 
ions such as C, O, and C, - from the lower energy 
spectrum suggests that they are formed principally by 
ion-pair processes. We have studied the energy de-
pendence of formation of the ions; CF,COCFr, 
CF3COCF2 -, (CF,),C -, CF,CO -, CF, -, CF, -, CFO-, 
and F - . 
Table I: Negative Ion Mass Spectrum of Hcxafluoroacetone 
at Electron Energies (Uncorrected) of 10 and 70 eV 
tn/c 	 Ion 	Re!. jut., TO eV 	Re!. mt., 70 eV 
12 0 3.0 
16 0 0 21.5 
19 F 751 1000 
24 Cc 0 4.0 
31 CF 15.2 3.6 
38 F2 - 0 3.0 
43 C,F - 0 2.0 
47 CFO 25.4 18.3 
50 CFc 12.7 4.0 
69 CFc 1000 257 
97 CF,C0 10.1 17.0 
147 CF,COCFc 5.7 36.0 
150 (CF,),C 7.6 4.0 
166 CF,COCFc 7.6 67 
It is apparent from our data (discussed below) that 
several of the ions (CF,COCF, -, CF,CO CFc, 
CFO, and F-) have almost identical appearance 
potentials (r'..3.  1 ± 0. 1 eV) and their respective reso-
nance peaks attain a maximum value at r'4  .2 ± 0. 1 elf. 
This suggests a common origin for these ions and we 
suggest that this is an electronically excited unstable 
state of the ketone which subsequently decomposes to 
form the ions mentioned 
R. M. Smith and J. G. Calvert, J. Amer. C/urn. Soc., 75, 2345 
(1956). 
S. W. Benson, private communication, 1969. 
P. B. Ayseough and B. W. R. Steacie, Proc. Roy. Soc., A234, 476 
(1956). 
J. C. Amplilett and B. Whittle, Trans. Faraday Soc., 63, 80 
(1967). 
R. I. Reed and J. C. D. Brand, Ibid., 54,478 (1958). 
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CF3COCF, + e -- CF,COCF,* 
CF,COCF, – + F (4) 
CF,C0 + CF, 1 (5) 
CF, – + COCF,(+CO + CF,?) (6) 
CFO+CF,+CF, 	 (7) 
F – + CF,COCF3 	 (8) 
Charge-Transfer Reactions Involving the 0 - Ion. 
The ionization curves for several of the ions (e.g., 
CF,COCFr, CF, -, F-) show inflections at energies 
r..5 eV; this corresponds to the resonance peak maxi-
mum observed for the Oion formed by SO 2 (which was 
used to calibrate the electron energy scale). These 
inflections were not observed when SO 2 was not present 
in the ionization chamber; accordingly we attribute 
their occurrence to the charge-transfer reaction (9). 
This produces an unstable state of the parent ion which 
decomposes to yield the appropriate ions. 
0 + CF,COCF, —'-0 ± 
CF,COCF, —* CF,COCF, etc. (9) 
It is noteworthy that, even at the low ion source 
pressures maintained in this work, negative ion-mole-
cule reactions may occur to a sufficient extent to con-
tribute noticeably to the ionization efficiency curves. 
CF,COCF,m The observation of a stable 
molecule-ion is relatively unusual; few other such 
ions have been observed. Its formation must involve 
the electron capture process 
CF,COCF, ± e -- CF,COCF, 	(10) 
Our data for this ion indicate two main regions of ion 
formation, one c-'O eV and the second's commencing 
at about 10 eV. In earlier work, 18 only the higher 
energy process was detected, the ion being formed as a 
result of secondary electron capture, the secondary 
electrons being produced by such positive ionization 
processes as CF,COCF, + e – CF,COCF, + 2e. 
At that time, we were unable to observe ion formation 
at very low electron energies; however, an improved 
experimental technique and introduction of a 3V dry 
cell into the electron energy circuit so that 'negative' 
voltages could be obtained has enabled us to examine 
the primary electron capture reaction. 
When hexafluoroacetone was studied at electron 
energies —0 eV, a parent ion was observed; admission 
of a small quantity of sulfur hexafluoride to the ioniza-
tion chamber resulted in a considerable diminution of 
the CF3COCF3 - ion intensity. This suggested that 
the electron attachment cross section for reaction 10 was 
much less than that for SF, - ion formation by 
SF, + e —+- SF,- 	 (11) 
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Figure 2. Jo11 current vs. electron accelerating energy. Full 
circles, SFc; open circles, CF,COCFc. Tor, current scale 
for hexafluoroacetone 58.9 times greater than that for SF 5 . 
CF,COCF, ion formation as a function of the electron 
energy. A 50/50 mixture of hexafluoroacetone and 
sulphur hexafluoride was used; the two sets of ioniza-
tion data have been normalized for convenience in 
presentation, the ordinate for CF,COCF, - being 58.9 
times greater than that for SF 6 - . 
Formation of the SF, - ion in this energy region has 
been used to mirror the electron energy distribution and 
calibrate the electron energy scale. 78 It is apparent 
from Figure 2 that the CF 3COCF and SF, - ions have 
a very similar energy dependence, both ions attaining a 
maximum value at the same electron energy. The 
ionization curve for the ketone is slightly broader in the 
wings than is that for the hexafluoride, this may reflect 
either a slightly different energy dependence for electron 
attachment or the experimental uncertainties in mea-
suring the very small ion currents for the CF,COCFC. 
Because of their similar energy dependence we con-
sider that the relative heights of the two ion peaks may 
be used to indicate the relative attachment cross-
sections of reactions 10 and 11. If it is assumed that 
both ions have the same collection efficiency, then 
= 58.9 
HPA 
where a, refers to the electron attachment cross-section 
of X. A value of 3.6 X 10 - " cm' has been reported' 9 
for as5, so that CHFA =0.61 X 10 -16cm2 . 
It has been observed that both sulfur hexafluoride'° 
J. C. J. Thyane, Chem. Commun., 1075 (1968). 
H. N. Compton, L. G. Christophorou, G. S. Hurst, and P. W. 
Reinhardt, J. Chem. Phy,., 45,4634 (1966). 
A. J. Ahearn and N. B. Hannay, ibid., 21, 119 (1953). 
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and hexafluoroacetone' 8 form parent molecule-ions at 
higher electron energies as a result of secondary electron 
capture. We considered that competition between 
sulfur hexafluoride and hexafluoroacetone for secondary 
electrons might enable us to measure 9sr6/aHFA. 
Accordingly, using a 39.2:1 mixture of CF,COCF,: 
SF 6, we measured the intensities of the CF,COCFr 
and SF, - ions, 'UFA and IsrC, at ten electron energy 
intervals over the range 15-60 eV. Our experimental 
data indicated that the ion current ratio, J5F2/JHFA 
was effectively constant over the entire energy range 
having a value of 1.44 ± 0.06; this result yields a 
value for sr4/duFA of 56 ± 2, which is in good accord 
with our directly-measured value at low electron en-
ergies. 
An alternative explanation for the decrease in the 
CF,COCF, - ion current is the possibility of occurrence 
of the charge exchange reaction 
CF300CF, + SF6 — CF3COCF, + SF,- (ha) 	 3 4 	5 	6 	7 	8 	9 	10, 
Ourdata for SF, - formation cannot definitely dis-
tinguish between this reaction and reaction 11; however, 
at our ion source pressure (r5 X 10 6  mm) although 
some collisions between CF 3COCF3 and SF, will 
occur, we consider the probability of interactions 
occurring to a sufficient extent to account for the con-
siderable decrease in CF,COCF 3 - ion current noted ex-
perimentally at very low SF 6 pressures ('10 mm) 
to be negligible unless the cross-section for reaction ha 
is very large. The data obtained for secondary electron 
capture in the high energy study also suggest that reac-
tions such as ha may reasonably be neglected since, at 
these energies, other negative ion species (e.g., CF,, 
CF3COj will be present which might undergo charge 
transfer reactions. 
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Figure 4. Deeonvoluted results. CEICOCF,J 
CF,COCF,, 0; 0/SO,, X. 
If such reactions occurred significantly then it would 
result in the ratio USF,l 0 I1FA being greater at higher 
energies than at —0 eV, whereas our experimental data 
show the two values to be in good agreement. 
(iii) GF3COCF2 -. Typical experimental data and 
the smoothed, deconvoluted results are shown in 
Figures 3 and 4 together with the corresponding 0 -i 
SO, ionization curves. - - 
Examination of the pressure dependence of the 
CF,COCF, - ion current at low electron energies showed 
it to he a primary ion, we may therefore neglect the 
possibility of the ion being formed by secondary ionic 
reactions. - 
A sharp onset at 3. 10 ± 0. 10 eV is observed, the 
resonance peak reaching a maximum at 4.20 ± 0.05 
eV; the peak width at half-height is 1.35 ± 0.05 eV. 
The common origin of the ions formed at this energy 
has been discussed above and we attribute CF,COCF, -
ion formation to reaction 4. 
If a value of r.5.2 eV is assumed for the bond disso-
ciation energy D (CF 300CF,-F), (values of 5.3, 
5.2, and 5.0 eV having been reported for the C-F bond 
strengths in CF 4 , 24 C,F 6 22, and C 6H5F", respectively), 
then using the relation: D(CF,COCF 2-F) A-
(CF3COCF2j + E(CF,COCF,), a value of r-i2.1 eV 
may be estimated for the electron affinity of the per -
fluoroacetonyl radical. - 
Figure 4 shows clearly the inflection in the ionization 
C. IL Patrick, Adven. Fluorine Chem., 2,18(1961). 
K. A. G. MacNeil and J. C. J. Thynne, mt. J. Mass Spectrom., 
2, 1 (1969). 
P. Smith, J. C/urn. Phys., 29, 681 (1958). 
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Table II: Appearance Potentials (-AP), Peak Maxima, and Peak Widths at Half Height (PW) of Negative Ions 
Formed by Hexafluoroacetone 
Ion AP" M axS PW Process 
CF,COCF2 0 CF,00CF, + e -. CF,COCF, - 
CF,00CFr 3.10 ± 0.10 4.20 ± 0.05 1.35 ± 0.05 CF,00CF, + e - CF,COCF, * 
I 
CF,COCFr + F 
(CF,),C - 5.1 ± 0.1 6.4 ± 0.1 0.6 ± 0.1 CF,COCF, + e-* (CF3 )2C 	+ 0 
CF3C0 - 3.10 ± 0.05 4.1 ± 0.1 1.0 ± 0.2 CF,COCF,- * 	CF5CO 	+ OF, 
CF, 3.0±0.1 4.3±0.1 1.5±0.2 OF,00CF3 _*_*CFr+CF,CO 
5.4±0.1 6.7±0.1 1.7±0.1 CF,00CF,+eCFs+CO+ CF, .+F 
8.2 ± 0.2 8.6 ± 0.1 
10.5±0.2 11.0±0.2 ... 7 
CF, - 4.25±0.10 5.25±0.05 0.7±0.1 CF,000F,+e-CFr+F+O0+CF,? 
CFO 3.0 ± 0.1 uncertain 2 CF,COCF, * - CFO 	+ CF, + OF, 
5.3±0.2 6.6±0.1 2.0±0.1 OF,000F,+e- CFO +2F+C,F, 
3.1 ±0.1 4.3±0.2 1.3±0.3 CF3000F3 *_F_+CF2000F2 
5.7 ± 0.1 7.2 ± 0.2 1.8 ± 0.3 OF,COCF, + e-*F + OF, + CO + OF, 
9.0±0.1 ... ... -F - +F+OO+2CF, 
a  All values in eV. 
curve which we have considered above to be the result 
of the charge-transfer reaction 0. 
(CF,),Cm Our experimental data for this ion 
when smoothed and deconvoluted yield the values 
shown in Table II. Ion formation is attributed to the 
reaction 
CF,COCF, + e -* (CF 3) 2C + 0 	(12) 
It is noteworthy that the resonance peak is very 
narrow, the width at half-height being only 0.6 eV. 
A value of -0. 6 eV may be estimated for the electron 
affinity of (CF,) 2C if the bond strength D(O - C(CF,) 2 ) 
is assumed to be similar to that in carbon dioxide, 
i.e., -5.7 eV. 
CF/JO- . At low electron energies, this ion is 
formed quite abundantly but not at 70 eV; this 
suggests that the ion-pair process CF,COCF, + e - 
CF/JO -  + CF,+ + 2e does not occur extensively. 
Our results for this ion are shown in Table II, and we 
consider reaction 5 to account for ion formation. If 
a value of 3.7 eV is assumed for D (CF,CO-CF,), then 
our data yield a value of ( 0.6 eV for the electron 
affinity of the trffluoroacetyl radical. 
CF,-. Ion formation in this case is rather 
complex; several appearance potentials are noted for 
this ion. 
Initially ion formation occurred at 3.0 ± 0.1 eV 
and is attributed to decomposition of the electronically 
excited ketone by reaction 6. Because the trifluoro-
acetyl radical has been shown to have limited stability 
in the gas phase, the decomposition reaction 6 may 
involve the formation of CO and CF 3 as fragmentation 
products. 
It is apparent from Figures 5 and 6 that the CF, 
ionization curve has inflections at r.5  eV and --7.6 eV, 
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Figure 5. Ionization efficiency curve for 
OFr/CF3000F3, 0, and 0/SO2, X, ion formation. 
these inflections are attributed to the change transfer 
reaction mentioned above. 
A second resonance process is observed at 5.4 eV 
(based upon extrapolation of the upper part of the 
curve). If reaction 13 is responsible for ion formation 
at this energy, then our data yield a value of 2.5 eV 
for E(CF,); this may be compared with values of 
C 2.6 e11 22 and 1 .8 eV 24 reported for this quantity. 





































P. HARLAND AND J. C. J. THYNNE 
CF3COCF3 + e - CFc + Co + CF2 + F (13) 
Further resonance processes of very low cross section 
are noted at 8.2 and 10.5 eV; we cannot account for 
these ionization processes. 
GFr. Our data for this ion are shown in 
Table II; a narrow resonance peak having an onset at 
4.25 ± 0. 10 eV is obtained. If ion formation was due 
to the reaction 
	
CF,COCF, + e 	CFC + F + CO + CF, (14) 
then a value of E(CF2) zC 3.75 eV would be obtained; 
this seems improbably large. The narrow resonance 
peak would suggest that little excess energy was in-
volved in the ionization process. A rearrangement 
reaction such as 
CF,COCF, + e - CF,-  + CF4 + CO (15) 
would yield a negative value for E(CF,); we are 
therefore unable to assign the ionization process respon-
sible for CF, - formation. 
CFO- . This ion must be formed as the result 
of rearrangement; ion formation is observed initially 
at 3.0 ± 0.1 eV and is attributed to reaction 7. 
Although a sharp onset is obtained at this energy, the 
resonance peak is broad (r-2 eV) and does not attain a 
clear maximum before a second resonance process 
occurs at 5.3 eV. This resonance peak is also broad 
and this perhaps suggests the involvement of consider -
able excess energy in the rearrangement. 
CF,COCF, + e -- CFO + 2F + C2F, (16) 
The second ionization process may correspond to 
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Figure 6. Decorivoluted results. 
CF,-/CF,COCF,, 0; 0780,, X. 
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Figure 8. Deconvoluted results. 
F -/CF,COCF,, 0; 0750,, X. 
reaction 16, i.e., the C-O bond is broken and the 
oxygen transferred to a CF group in the rearrangement. 
This probably would have higher energy requirements 
than reaction 7 where simple fluorine transfer to CO 
may be involved but such assignments are tentative. 
The heat of formation of the fluoroformyl radical, 
Hf (CFO), has been estimated' to be —1.7 elf, so that 
our data for reaction 7 indicate E(CFO) '-'3.3 eV. 
A study' of CFO ion formation by carbonyl fluoride 
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work was much narrower than that found in this 
study (-0. 5 eV compared with —2. 0 eV), which may 
reflect the excess energy involved in the hexafluoroace-. 
tone rearrangement. 
(ix) F-. Our results for this ion are summarized in 
Table II and typical data shown in Figures 7 and 8. 
Inflections in the deconvoluted curve at -5 and -7.5 
eV we attribute to the charge-transfer reaction involv-
ing the O ion. The first appearance potential at 3.1 
th 0. 1 eV is considered to be the result of reaction 8 
discussed previously; a second process of much larger 
cross section occurs at 5.7 a 0. 1 eV. If reaction 17 
is responsible for the increase in the ion current at this 
energy, then a maximum value of 2.6 eV may be de-
duced for the bond dissociation energy D (CF2-COCF8) 
if we assume that D(CO-CF,) = 0 eV. 
CF8COCF8 + e - F- + CF2 + CO + CF, (17) 
A further ionization process of very low cross-section 
may be seen on the tail of the second resonance peak, 
the onset energy being 9.0 eV. 
CF3COCF3 + e - F + F + CO ± 2CF2 (18) 
The minimum enthalpy requirement for reaction 18 is 
9.0 eV and we therefore- attribute ionization to this 
reaction. 
(c) Thermochemical Data. The following values for 
the heats of formation have been used in this work (in 
eV) CF3COCF3 -15.1; CF3 -5.2; 25 CF,-1.6; 26 
CF, 3.2;27  F, 0.8;" CO, _1 . 1;27 and CF3, 3728 
The heat of formation of hexafluoroacetone has been 
estimated using the additivity rules 29 based upon the 
C-C and C-F bond contributions to the enthalpies of 
various fluorine-containing molecules. 21.29 
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